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ABSTRACT
Trace element measurements were made by instrumental neutron activation analysis on
stratigraphically dated ice core samples from Byrd Station, Antarctica, to determine the concentration
levels of natural and anthropogenic substances. Sampling was continuous between 1926 A.D. and 1989
A.D. and selective between 1711 A.D. and 1926 A.D. Twenty-one elements with concentrations above
the detection limits were determined.
The time period between 1969 A.D. and 1989 A.D. showed an enhanced impact on the Antarctic
ice sheets from natural sources in the form of marine and crustal aerosols. A disturbed ocean-atmosphere
interface due to El Niflo Southern Oscillation (ENSO) events seems to be a candidate especially for the
enhanced marine aerosol deposition in Antarctica.
Time-series trend of the concentration of deposited aluminum, which is mainly a crustal aerosol
related element, shows a strong negative correlation with the time-series trend of annual average total
column ozone concentrations homogenized between the 600 S and 900 S latitudes from the Total Ozone
Mapping Spectrometer (TOMS) ozone data set. Although the time period is not long enough to draw a
strong conclusion (1979-1989), the special role of crustal origin clay minerals on cloud nucleation
dynamics might be a factor in the heterogeneous stratospheric ozone depletion chemistry through polar
stratospheric cloud dynamics, assuming some troposphere-stratosphere mixing of these aerosols.
The correlation of antimony and arsenic enrichments with known or suspected volcanic events
was established. These marker elements was shown to be useful especially for the identification of
specific historical volcanic events with low sulfur emissions.
Although a clear anthropogenic impact was not observed, concentrations of arsenic, chromium,
and zinc, which might come from both natural and anthropogenic sources, indicated an increase after
1960's.
Principal component factor analysis indicated a possible transition-metal (especially manganese
and iron) catalyzed bromine chemistry cycle, which has been suggested as the cause of tropospheric
surface-level ozone depletion observed in Greenland.
Calculated snow-to-air scavenging ratios indicated more efficient scavenging for crustal aerosols
followed by marine and volatile elements.
A new method was developed for direct air content determination in small deep ice core samples
through the measurement of enclosed argon gas by instrumental neutron activation analysis.
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1. INTRODUCTION
1.1. Background
A fuller understanding of the interaction between the land, ocean, and atmosphere
related processes has improved considerably within the last few decades (e.g., Charlson,
1987; Harriss et al., 1988; Budd, 1991; Schneider, 1994). At the same time, an awareness
of the impact of natural and anthropogenic substances on these systems has been
developed. For example, important clues regarding the influence of large scale volcanic
emissions on atmospheric albedo and, therefore, on short term climate variations were
recently obtained from various in-situ and satellite measurements (e.g., Handler, 1989;
Michelangeli et al., 1989). Similarly, more substantial information is reported on the
impact of anthropogenic emissions, such as chlorofluorocarbon (CFC) compounds, and
their relation to changes within the atmosphere, by depleting stratospheric ozone (e.g.,
Molina and Molina, 1987; Toon et al., 1989; Molina, 1991). In addition, a number of
characteristic elemental signatures have been identified for aerosol source areas for
terrestrial and extraterrestrial materials (e.g., Phelan-Kotra et al., 1983; Lowanthal and
Rahn, 1985; Olmez and Gordon, 1985; Olmez et al., 1986; Olmez et al., 1988; Huang et
al., 1994).
Dynamic characteristics of environmental processes and the delicate balance
between the environment and anthropogenic activities creates a broad spectrum of
scientific, interdisciplinary research programs, which cover land, ocean, and atmosphere
related processes. However the lack of long-time observations is an important limiting
factor for the better characterization and formulation of these processes. The amassing of
surficial environmental data over long periods, except for temperature and perhaps
pressure and CO2, is quite recent. Reliable data with long collection histories are mostly
limited in space and duration. At the same time, determination of changes in atmospheric
composition over long time-units has become more important , especially as these changes
concern and are related to ecological and climatic changes as well as influencing life-
forms. Some examples are increasing acid rain formation, stratospheric ozone depletion,
greenhouse warming, and increasing toxic trace substances in the environment (e.g.,
Powers and Rambo, 1981; Lindqvist, 1985; Ramanathan, V., 1988; Abbatt and Molina,
1993). A renewed interest has evolved in recent years to obtain historical data for
environmental parameters from specific sources, such as polar ice sheets, sediments, and
tropical sea corals, which preserve the information within their stratigraphic layers.
The Antarctic ice sheet has an average thickness of 2300 meters, with a maximum
known thickness close to 5000 meters. Two thirds of the land on which the ice sheet rests
is above sea level, mainly in East Antarctica, while most of the West Antarctic land is
below sea level (Walton, 1987).
The Antarctic and Arctic ice sheets contain a wide range of paleodata entrapped in
stratigraphic layers. The layered sequences contain records of changing climatic
conditions and deposits of atmospheric constituents. These polar ice sheets are sinks for
atmospheric trace elements and other chemical species which were transported by wind
systems from various global sources (Wolff and Peel, 1985; Barrie, 1986; Shaw, 1989;
Davidson, 1989; Peel, 1989). Recognizing this potential, a substantial number of
researchers have already obtained valuable concentration profiles of trace element and
other chemical species in several ice cores from polar locations (Langway et al., 1974;
Petit et al., 1981; Herron, 1982; Boutron and Patterson, 1983; Palais and Legrand, 1985;
Angelis et al., 1987; Saigne et al., 1987; Ivey and Davies, 1987; Boutron and Wolff, 1989;
Buat-Menard, 1990; Olmez et al., 1993).
The research presented in this thesis made on a polar ice core from the Antarctic
ice sheet was designed to measure the pre-industrial (18th and early 19t" centuries) and
modem era (late 19" and 20" century) annual average multi-element concentrations. The
core was meticulously studied by others and reliably dated by multi parameter cross-
correlation (Langway et al., 1994). The main scientific objective here was to assess the
impact of anthropogenic and natural processes on atmospheric elemental concentrations
and identify some of these sources. The study would result to further identify the overall
atmospheric elemental concentration budget of the Southern Hemisphere for both natural
and anthropogenic contributions and their probable sources areas. Although
anthropogenic impact on the environment is as old as humanity itself, the industrial
revolution starting in the early nineteenth century can be considered the beginning of large
scale contributions into the natural environment. As part of the study, snow strata that
covered 278 years (1711 AD to 1989 AD) was investigated to observe whether or not
there is a significant difference in the Antarctic ice sheet elemental concentrations due to
anthropogenic impact. In addition, included in this time-period were significant Earth
events, such as, volcanic emissions, variations in global air-mass movements, and changes
in Earth's vegetation cover, which might have had an effect on the elemental composition
of the atmosphere which could be investigated using trace element patterns.
Even though there have been previous research studies to determine the trace
element concentrations in polar ice sheets (e.g., Peel and Wolff, 1982; Boutron and
Patterson, 1983; Wolff and Peel, 1985; Boutron and Patterson, 1987; Girlach and
Boutron, 1992; Suttie and Wolff, 1992), most involved a relatively small number of trace
element measurements over discontinuous time-intervals. They were also limited by the
specific earlier analytical techniques used, the physical quality of the firn or ice core
samples used, and an evident lack of a close interdisciplinary and multiparameter approach
to an integrated study program. Of great importance, most of the previous data available
prior to this investigation does not reveal continuity over long time-periods. As stated
earlier, long records are necessary to provide an adequate understanding of the impact of
various emission sources on the atmosphere. Since changes in chemical composition
trends in the atmosphere are extremely slow, detecting these changes requires numerous
measurements and observations over an extended period of time. The results of this study
will hopefully fill an existing gap in our knowledge.
Although the expressions "ice core elemental concentrations" and "atmospheric
elemental concentrations" are used interchangeably here because of their relationship to
each other, this relationship is not straightforward by any means. This matter will be
discussed in section 3.4, which analyzes and explains the air-to-snow transport of aerosols
by various processes and mechanisms.
An auxiliary goal in this study was to develop a new method for determining the
air content in very small ice samples. A refined method to measure air content (and for
that matter argon by INAA) would be useful to study the relationship between the flow
patterns and air content changes of glacier ice with depth (as well as dating purposes). At
great depths in ice sheets (>1000 m), the thickness of an annual ice layer is often quite
small (generally <5 cm and less) due to plastic deformation and stretching of layers under
high pressure (Herron, 1982b). It is often difficult, if not impossible, to obtain seasonal
variations in parameters in these thin ice layers using the somewhat standard stratigraphic
dating parameters as discussed in section 1.4. In addition, even if the seasonality of
stratigraphic dating parameters are detectable, analyzing tens of thousands of samples
from long ice cores are often not feasible. Under these circumstances, non-stratigraphic
dating methods, briefly mentioned in section 1.4, are desired for ice core dating.
Consequently a methodology was developed to measure air content within a few minutes
by direct ice phase irradiation and Argon gamma-ray spectrum analysis of 2 to 3 gram
samples.
1.2. A Brief History of Antarctic Research
The development of Antarctic science is a perfect example of human courage and
curiosity to learn more about the unknown. In depth information about this development
can be found in the Antarctic literature (e.g., Walton, 1987; Fogg, 1992). Fogg
suggested that the beginning of Antarctic science can be considered as early as 1699 when
Edmond Halley, a British geophysicist, sailed as far as 520 South in the Southern Ocean to
measure magnetic variation for determining longitude in open seas (Fogg, 1992).
However, the significant scientific expeditions in the continent started at the beginning of
the twentieth century. In the early years efforts were mainly in the form of surveying and
geological expeditions using dog sledges as the main transportation vehicles. The start of
aerial flights in 1928 opened a new chapter for these expeditions to map the continent.
Official collaboration between nations started with the first International Polar
Year of 1882-1883. A second Polar Year in 1932-1933 followed the first one. In 1951 a
special committee (Comit6 Special6 de l'Ann6e G6ophysique Internationale) was set up
for the coordination of international scientific efforts in polar regions. Its first meeting
(Paris, July 1955) was devoted mainly to deciding on the distribution of field stations and
coordinating scientific and logistic objectives (Walton, 1987). This cooperation between
nations resulted in many achievements in geology, geophysics, glaciology, biology, and
atmospheric sciences and still heralds a high potential for the future advancement of
international scientific endeavors.
The first ice core recovered in Antarctica was obtained during the Norwegian-
British-Swedish expedition of 1949-1952 on the Maudheim ice shelf. This nearly 100
meter-long ice core was drilled with modified rock drilling equipment (Fogg, 1992). In
1968 a U.S. team reached bedrock and recovered a 2164 meter-deep ice core at Byrd
Station in West Antarctica using a mechanical drilling rig, which is still the only ice core
that has completely penetrated the Antarctic Ice Sheet (Ueda and Garfield, 1969). In
addition, the U.S. teams drilled numerous other ice cores between 1956 and 1968. In
1972 a Soviet team started drilling a deep ice core at Vostok Station in East Antarctica,
which has a total ice sheet thickness of 3700 meters. A total of 2083 meters of core has
been recovered (Legrand et al., 1988b). At Vostok a thermal drilling technique (invented
by the Byrd'68 team) was used which relies on electrical heating of the corer annulus and
removing melted water quickly before refreezing. The glaciostatic pressure is balanced by
a mix of 224 trimethylpentane and diesel fuel (developed by Byrd'68 team) which has a
density close to that of ice and a lower freezing point than the surrounding temperature.
They also drilled another core at Komsomolskaya, which is 872 meters long, in 1983. A
joint US and French team drilled a 905 meter deep ice core near Dome C in 1977-1978.
In addition to the deeper ice cores mentioned, a number of shallow ice cores have been
obtained by a number of national teams from different locations. Figure 1.1. is a general
location map of ice coring sites.
1.3. NBY-89 Ice Core Research Program
The NBY-89 ice core was augured in November 1989 by a three member team of
engineers from the Polar Ice Core Office (PICO) at the University of Alaska, with logistic
support from the U.S. Navy, at a location 1 km upstream from the temporary Byrd Station
Surface Camp (NBY-89, or Navy Byrd-89, the name designated by the U.S. Navy), West
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Figure 1-1. Map of Antarctica and major ice coring sites (from Palais and Legrand, 1985)
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Antarctica (80' 01' S, 1190 31' W, 1530 m elevation) (Langway, 1992). The ice core is
164 m deep and 10 cm in diameter. Core recovery was continuous with over 99% of the
profile obtained. In addition, two 10 m-deep ice cores were augured about 14 km (NBY-
2) and 29 km (NBY-3) upstream from the main core. Two meter-deep pits were hand
dug at each drilling location. Four members from the Ice Core Laboratory, SUNY at
Buffalo, formed the science field team. The seven member science and drilling team spent
ten days at Byrd station and vicinity to accomplish these tasks (Langway, 1992).
Megascopic stratigraphic features, bulk density, and acidity (by Electric Conductivity
Measurement, ECM) of the core were measured continuously in the field.
A significant goal of this shallow ice core drilling operation was to investigate the
near surface layers, using contemporary state-of-the-art laboratory techniques to overlap
and extend to the surface the important environmental records obtained in the original
deep ice core drilling program in 1968 (Ueada and Garfield, 1969). All of the 1968 ice
core studies began 88.4 meters (reference horizon dated 1340 AD) below the 1968 snow
surface, where continuous core recovery first began, due to limitations in the then existing
drilling technology. As a result, more than 500 years of ice core chronology (top 88.4 m)
from the 1989 A.D. surface at Byrd Station was not available for study prior to the
undertaking of this project.
The full research program for the NBY-89 ice core include the laboratory
measurement and analysis of variety of physical and chemical properties performed by
several research groups as listed in Table 1.1. The age of the ice core at the bottom was
determined to be 1360 years (Langway et al., 1994). Dating was done by cross-
correlating the ECM, 8180, and ionic chemistry stratigraphic records and with well
recognized reference horizons of volcanic origin and cross-checked with the density
profile and a total f3 curve for the upper firn layers. The overall dating accuracy is
estimated as better than ±2 years.
Table 1.1 Individual studies, investigators, affiliation, and current status of science
studies program for the NBY-89 ice core (Updated from Langway, 1992).
Institute Investigator(s) Study Samplinga Status
State University of New C.C. Lang way, Jr., Physical stratigraphy C Finished
York at Buffalo
University of
Copenhagen
University of Colorado
H. Shoji, and
co-workers
C.C. Langway, Jr.,
K. Osada, and
co-workers
H. Clausen,
C. Hammer,
C.C. Langway, Jr.,
and co-workers
W. Dansgaard,
S. Johnsen, and
J. White
Structure
Physical properties
Mechanical properties
Chemical stratigraphy
Volcanic Layers
Ionic concentration levels
Organic chemistry
Embedded solids
Acidity
Oxygen isotopes
$-activity levels
Dust
Deuterium
University of Bern
University of Rhode
Island
Massachusetts Institute
of Technology
H. Oeschger
A. Neftal
B. Stauffer
U. Stigenthaler,
C.C. Langway, Jr.,
and co-workers
M. Bender
and co-workers
I. Olmez,
C.C. Langway, Jr.,
and co-workers
Carbon dioxide, methane,
and nitrous oxide
Hydrogen peroxide,
Beryllium-10
Carbon- 13/carbon- 12
Oxygen, argon, and
nitrogen isotopes in gas
phase
Time-series trends of trace
elements (THIS WORK)
A new method for air
content measurement
I In progress
I Finished
I In progress
I In progress
I In progress
C, I Finished
I Finished
' C denotes continuous; I denotes intermittent
I
C, I
I
C, I
I
C, I
I
I
Finished
Finished
In progress
Finished
Finished
Finished
In progress
In progress
Finished
Finished
Finished
In progress
In progressC. I
I
1.4. Scope of Research
The Antarctic continent covers approximately 10% of the Earth's land surface with
almost 99% of the continent permanently covered by snow and ice. Consequently, the
predominant sources for the natural aerosol particles found in the ice are not of local
origin but the result of long-range transport of aerosol and particulate matter from distant
continental and oceanic areas of the globe. Transport is accomplished via upper and
middle-troposphere trajectories with active gas to particle conversion reactions occurring
during particle transport (Dick, 1991). The anthropogenic impact in Antarctica is minimal
due to its distance from population centers. The long-range transport and relatively slow
vertical mixing in the Antarctic atmosphere results in a homogeneous and size-segregated
aerosol input to the Antarctic region (Cunningham and Zoller, 1981).
Snow accumulates at high-elevation polar regions in a layered structure without
melting due to the low temperatures throughout the year. In the higher elevation regions
of Antarctica snow accumulation exceeds ablational processes and it is possible to observe
seasonal variations in augered ice cores.
One of the most powerful parameters used in dating polar ice cores is the oxygen
isotope ratio but seasonal cycles are much more difficult to determine in Antarctica than
Greenland. This method was first introduced into glaciology by Dansgaard (1954). The
seasonal change of isotope ratios in precipitation is strongly related to the temperature
during the condensation. The ratio of oxygen-18 and oxygen-16 isotopes in precipitation
is larger during the summer season than the winter season due to higher temperatures
during the summer precipitation (vapor pressure of H2160 is approximately 1 % higher
than that of H2180 (Jouzel and Merlivat, 1984). The isotopic composition is measured by
mass spectrometry and traditionally is expressed by the 8 function (Hammer, 1989) as,
8180= [ (Rs-RsMow)/RsMow ]x1000 %c (1.1)
where Rs and RsMow are the isotopic ratios of oxygen-18 and oxygen-16 in the sample and
in standard mean ocean water, respectively. In a similar way hydrogen isotopes can also
be used for dating purposes. In older ice, the diffusion process distorts the seasonality of
the signal (Johnsen, 1977) and presents a difficulty in Antarctic cores. The temperature
dependence of the oxygen and hydrogen isotopes can also be used to obtain past
atmospheric temperatures. However, this relationship is not as straightforward due to the
fact that the amount of original water vapor remaining in the air mass is determined by the
complicated air mass mixing effects during transportation to the ice sheets (Charles et. al.,
1994). These mixing effects include the location of the original moisture source, the
trajectories of the moisture, and the mixing between sources with different isotope
distillation levels.
Another useful measuring parameter with a seasonal relationship in ice cores is the
ECM technique (Electric Conductivity Measurement) (Hammer, 1983). This technique
relies on the determination of acidity levels via direct electric conductivity measurements
on frozen ice cores. The acidity contained in the deposited ice layers is mainly the result
of precipitation on to the ice sheets of gas-derived atmospheric acids, mainly H250 4 and
HNO 3. The increasing sulfate concentration levels in spring and summer snow deposits
are thought to be the result of: photochemical formation of excess sulfate from its organic
gaseous precursors (Legrand and Delmas, 1984), sea water, or volcanic sources. The
origin of nitrate in polar precipitation is still controversial (Delmas and Legrand, 1989) but
lightening was suggested as a possible source (Kley, 1983). The ECM method is fast and
easy (with competent ice cores), with high resolution as long as the precipitation is acidic
enough with a modest annual deposition rate and the seasonal signal is not distorted by
possible conflicting seasonal trends of different acids or by volcanic origin acidic species
(Hammer, 1989).
Another method for ice core dating that shows regular seasonal dependence is
microparticle concentration measurements. Since during the austral summer season the
crustal aerosol production is higher and aerosol removal by precipitation is lower, there is
an increasing aerosol transport into Antarctica mainly from the continental areas of the
Southern Hemisphere (Tuncel et al., 1989). The most commonly applied technique for the
measurements is the use of a Coulter microparticle counter. This technique has the
advantage of in situ applicability but time consuming and subject to complicated
interpretation of the results. Applications of the method have been made on both
Greenland and Antarctic ice cores (Thompson, 1977; Hammer et. al., 1985).
Some chemical species also show seasonal dependence, and thus can be used for
stratigraphic dating purposes. S042-, N0 3-, and H20 2 are some examples. The degree of
seasonality for any one of these species might vary with the site and time interval covered
(Hammer, 1989). The seasonality of these species has been demonstrated both in
Greenland and Antarctica (Langway et. al., 1977; Herron, 1982; Neftel et. al., 1984;
Langway et. al., 1994) and have been shown to be an invaluable chemistry index marker
for historically recorded volcanic eruptions (e.g., Tambora, Krakatau, Katmai).
Any one of these parameters might show a strong or a weak seasonal signal for
stratigraphic dating purposes, depending upon the location and period of deposition.
Therefore, the best overall method for accurate dating is to use all of these methods on an
ice core and cross-correlate the results. For example, in an exceptional and unique study,
the estimated standard deviation for continuous dating of the 0 to 980 meters depth
interval (1979 A.D - 625 B.C.) in Dye 3, Greenland deep ice core has been reported as ±5
years at the bottom by cross-correlating the results of oxygen isotopes, acidity, and
microparticle measurement (Hammer et. al., 1986).
In addition to these detailed and reliable stratigraphic dating methods, some other
less accurate, but sometimes crucial, methods are also used for specific purposes.
Although no in depth information about these methods will be given here, it might be
useful to mention the basic principles.
One of these methods that is always used for checking the accuracy of
stratigraphic dating is called the "Reference Horizons" method and relies on the signatures
of known global or regional scale events, such as volcanic eruptions and atmospheric
nuclear bomb tests, on the polar ice sheets in a specific year.
Two other independent, non-stratigraphic methods use naturally produced
radioactive isotopes and ice flow phenomena as ice core dating parameters. These
methods are especially useful for dating deep ice cores that have either thin annual layers
due to plastic deformation, and, hence, whose seasonal signals are not clear enough for
stratigraphic dating, or that have lost stratigraphy due to bed-rock scouring of their deep
layers. In addition to their usefulness under these specific conditions, these methods might
also be preferable where continuous stratigraphic analysis is not done or the ice core is not
continuous. In the first method natural radioactive isotopes enclosed in ice as part of the
water substance (3H), in form of aerosols (e.g., 32Si, 1'Be), or in the air bubbles (e.g., 39Ar,
14C, 81Kr) are used for dating (Stauffer, 1989). The latter of these methods combines ice
flow modeling with the air content-sample depth relationship to date the deep ice layers.
This method relies on the fact that the amount of air scavenged in the ice layers is
proportional to the density of air (a function of pressure and temperature), and therefore,
the elevation at the time of pore close-off, which is the complete isolation of air bubbles
from the surrounding atmosphere (Langway, 1958; 1970; Shoji and Langway, Jr., 1989).
Thus, the original elevation of a specific sample can be found by air content measurement
(assuming the temperature history is known), and the total distance traveled by that
sample through ice flow is calculated from the elevation difference and the slope of the ice
sheet. Although the relationship between the air content and elevation might change due
to the possible long-term modifications of atmospheric circulation patterns over the ice
sheets, so the atmospheric pressure-elevation relationship (Martinerie et al., 1992), the
scales of these changes are difficult to predict and ignored in the calculations. In addition,
possible variation of pore volume per unit ice mass at the time of pore close-off also
affects the relationship between the air content and elevation. It was shown that, this
variation is mainly due to the temperature dependence of this parameter, and should be
treated if the temperature data (from oxygen and/or deuterium isotopes analysis) is
available for more accurate results (Raynaud and Lebel, 1979). Flow velocities of specific
ice layers can be calculated from mathematical models, which employ physics laws and
topographical information. In addition, these models can be verified by experimental bore-
hole measurements on the ice flow trajectory (e.g., Russell-Head and Budd, 1979), and to
certain extent by the satellite measurements on surface layer movement (e.g., Goldstein et
al., 1993; Fahnestock et al., 1993). Finally, the sample age is calculated from the travel
distance and velocity profile.
1.5. Basic Theory of the Instrumental Neutron Activation Analysis
The Instrumental Neutron Activation Analysis (INAA) is a non-destructive multi-
element measurement technique that relies on the neutron capture and subsequent gamma-
ray emissions of atomic nuclei. The following is a brief review of the basic theory. The
historical development, applications, and in depth theory can be found in the extensive
literature (e.g., Olmez, 1989; Knoll, 1989; Alfassi, 1990).
When target nuclei in a sample are bombarded (irradiated) by low energy thermal
neutrons, some of the nuclei are transformed into a metastable state by capturing the
incoming neutrons. The main source of the thermal neutrons used for the irradiations of
samples are nuclear research reactors that are specifically designed for high neutron flux
output. The half-life of a nucleus in this excited state is very short (< 101 2 s) and it decays
to a lower state by emitting "prompt" gamma-rays that can also be used for trace elements
analysis by another technique (prompt gamma activation analysis). Following this (n, y)
reaction, the radioactive nucleus will often further decay by electron emission, electron
capture, or positron emission, and the resulting "daughter" nucleus will emit "delayed"
gamma-rays. These are the gamma-rays used in instrumental neutron activation analysis.
The case of an (n, y) reaction followed by positron decay is illustrated schematically in
Figure 1.2.
(X+n)*
.. Prompt y's (PGAA)
+n .
"'*f Delayed y's (INAA)
AX A+lI A+ 1X zX Z X
Figure 1.2. Illustration of (n,y) reaction followed by f3 decay.
A calculation of the amount of activity induced in a sample at the end of the
irradiation can be made using the following formula:
Ag = 4oN(1-e - kt i ) (1.2)
where,
Ao : Activity at the end of the irradiation
0 : Flux [neutrons/cm 2
-s]
a : Neutron capture cross-section, in barns [barn= 10-24 cm2]
X: Decay constant [In 2/t112]
tl/2 : half-life
N : Number of target nuclei in sample [nuclei/cm 3]
ti: irradiation time
In general there will be some delay between the end of irradiation and beginning of
gamma-ray spectrum collection, and this time is called the "cooling time" (t,). Activity at
the end of the cooling time will be (A=Ao e- Xtc ), and it is related to the gamma-ray
spectrum peak area (interference and background corrected) by the following equation:
A = Aoe- tC = P (1.3)
(1 - td)(1-e - s )
where,
A : Activity at the end of the cooling time
P : Measured net gamma-ray spectrum peak area
ts: Spectrum collection time
td : Fractional "dead-time"
Here, the "dead-time" correction is made to account for the time that analyzer is
not active due to signal processing limitations. To calculate the absolute elemental
concentrations from this equation, the efficiency of the detector should be known. There
are however some drawbacks in using this direct calculation method. One is the
dependence of detector efficiency on the counting geometry, and the other is the
possibility of neutron flux change during the irradiation. To eliminate these uncertainties,
a comparative method can be employed as in the case of this work. In this method, a
standard material with an accurately known composition is irradiated along with the
sample. The unknown weight of an element of interest in a sample can be found from the
following relationship:
Asample
Wsample - As Ws tandard (1.4)Astandard
where,
Wsample : Weight of element in sample
Wstandard : Weight of element in standard
Asample : Activity of sample at the end of irradiation
Astandard : Activity of standard at the end of irradiation
2. EXPERIMENTAL
2.1. Sample Selection and Preparation
2.1.1. Selection
A total of 97 individual ice core samples were selected and measured by
instrumental neutron activation analysis (INAA) to accomplish the main part of this study
(Table 2.1). The samples cover both pre-industrial (< 1815 A.D.) and industrial time-
periods. Continuous sampling was done for the first 15 meters depth, which extends over
the time-period between 1926 AD and 1989 AD. There are sixty-nine samples covering
this time period. In addition, selective interval sampling was done between the 15 meter
and 42 meter depths, which covered the overall time period from 1711 A.D. to 1926 A.D.,
to obtain background information. Twenty-eight samples, each covering approximately a
one year time-interval for a 6 to 12 year continuous record, were obtained over this time-
period.
An additional 20 samples were carefully selected to measure specific episodic
events, identified by other investigators working on this core (Langway and Osada,
personal communication), and from a previous study (Keskin et al., 1992). Among these,
a group of 12 samples (Table 2.2) were selected from the depth interval between 88.15 to
89.51 meter depths to locate the peak position of a previously observed (Keskin et al.,
1992) rare earth elements enrichment around the 89 meter depth. Another group of 8
samples (Table 2.3) was selected from certain years that either directly coincide with
historically known volcanic eruptions or show high sulfur concentrations (Langway and
Osada, personal communication) as an indicator of volcanic eruptions. Additional 3 pairs
of samples were selected from the time-period of 1711 AD to 1989 AD for quality control
purposes (Table 2.4).
Table 2-1. Ice core samples selected for the study of trace elements time-series trends.
Sample Sample Depth Approximate
No ID Interval [m] Date [A.D.]
1IC1
1IC2
1IC3
2IC1
2IC2
2IC3
3IC1
3IC2
3IC3
3IC4
4IC1
4IC2
4IC3
4IC4
5IC1
5IC2
5IC3
5IC4
5IC5
6IC1
6IC2
6IC3
6IC4
6IC5
7IC1
7IC2
7IC3
7IC4
7IC5
8IC1
8IC2
8IC3
8IC4
8IC5
9IC1
9IC2
9IC3
9IC4
9IC5
10IC1
10IC2
10IC3
10IC4
10IC5
11IC1
11IC2
11IC3
11IC4
11IC5
0.00-0.33
0.33-0.66
0.66-1.00
1.00-1.33
1.33-1.66
1.66-2.00
2.00-2.25
2.25-2.50
2.50-2.75
2.75-3.00
3.00-3.25
3.25-3.50
3.50-3.75
3.75-4.00
4.00-4.20
4.20-4.40
4.40-4.60
4.60-4.80
4.80-5.00
5.00-5.20
5.20-5.40
5.40-5.60
5.60-5.80
5.80-6.00
6.00-6.20
6.20-6.40
6.40-6.60
6.60-6.80
6.80-7.00
7.00-7.20
7.20-7.40
7.40-7.60
7.60-7.80
7.80-8.00
8.00-8.20
8.20-8.40
8.40-8.60
8.60-8.80
8.80-9.00
9.00-9.20
9.20-9.40
9.40-9.60
9.60-9.80
9.80-10.00
10.00-10.20
10.20-10.40
10.40-10.60
10.60-10.80
10.80-11.00
1989
1989
1989
1988
1988
1987
1986
1986-85
1985-84
1984
1984
1984-83
1982
1982
1981
1980
1980-79
1979-78
1978
1977
1976
1976-75
1975
1974
1973
1972
1972-71
1970
1969
1969
1968
1967
1966
1966-65
1964
1963
1962-61
1960
1959
1958
1958-57
1956
1955
1954
1954-53
1952
1951
1950
1950-49
Sample Sample Depth Approximate
No ID Interval [m] Date [A.D.]
12IC1
12IC2
12IC3
12IC4
12IC5
13IC1
13IC2
131C3
13IC4
13IC5
14IC1
14IC2
14IC3
14IC4
14IC5
15IC1
15IC2
15IC3
15IC4
15IC5
16IC1
17IC1
18IC1
19IC1
20IC1
21IC1
22IC1
23IC1
241C1
25IC1
26IC1
27IC1
28IC1
29IC1
30IC1
31IC1
32IC1
33IC1
34IC1
35IC1
36IC1
37IC1
38IC1
39IC1
40IC1
41IC1
42IC1
431C1
11.00-11.20
11.20-11.40
11.40-11.60
11.60-11.80
11.80-12.00
12.00-12.20
12.20-12.40
12.40-12.60
12.60-12.80
12.80-13.00
13.00-13.20
13.20-13.40
13.40-13.60
13.60-13.80
13.80-14.00
14.00-14.20
14.20-14.40
14.40-14.60
14.60-14.80
14.80-15.00
15.00-15.17
16.00-16.17
17.00-17.17
18.00-18.17
19.00-19.17
20.00-20.17
21.00-21.17
22.00-22.16
23.00-23.16
24.00-24.16
25.00-25.16
26.00-26.15
27.00-27.15
28.00-28.15
29.00-29.15
30.00-30.15
31.00-31.15
32.00-32.14
33.00-33.14
34.00-34.14
35.00-35.14
36.00-36.14
37.00-37.14
38.00-38.14
39.00-39.14
40.00-40.14
41.00-41.14
42.00-42.14
1948
1947-46
1946-45
1945-44
1944-43
1942-41
1941
1941-40
1940-39
1939-38
1938-37
1937-36
1936-35
1935-34
1934-33
1933-32
1931-30
1930-29
1929-28
1927-26
1926-25
1919-18
1913-12
1907-06
1901-00
1895-94
1889-88
1881-80
1870-69
1858-57
1846-45
1837-36
1830-29
1822-21
1815-14
1807-06
1799-98
1791-90
1782-81
1773-72
1766-65
1759-58
1752-51
1744-43
1736-35
1728-27
1720-19
1711-10
Table 2-2. Ice core samples selected to locate a previously observed
Rare Earth Elements enrichment peak around 89 meters depth.
Sample Sample Depth Approximate
No ID Interval [m] Date [A.D.]
1 89LC1 88.15-88.26 1341
2 89LC2 88.26-88.37 1341
3 89LC3 88.37-88.48 1340
4 89LC4 88.48-88.59 1339
5 89LC5 88.59-88.70 1338
6 89LC6 88.70-88.81 1338
7 89LC7 88.81-88.92 1337
8 89LC8 88.92-89.02 1336
9 90LC1 89.02-89.14 1335
10 90LC2 89.14-89.26 1334
11 90LC3 89.26-89.38 1333
12 90LC4 89.38-89.51 1332
Table 2-3. Ice core samples selected from volcanic eruption horizons.
Sample Sample Depth Approximate
No ID Interval [m] Date [A.D.]
1 22V1 21.38-21.53 1887-86
2 22V2 21.53-21.70 1885-84
3 22V3 21.70-21.85 1884-83
4 22V4 21.85-22.00 1883-82
5 29V1 28.15-28.28 1821-20
6 29V2 28.28-28.40 1820-19
7 51V1 50.02-50.17 1647-46
8 51V2 50.17-50.32 1646-45
Table 2-4. Ice core samples selected for quality control purpose.
Sample Sample Depth Approximate
No ID Interval [m] Date [A.D.]
1 17CP1 16.75-17.00 1915-14
2 17CP2 16.75-17.00 1915-14
3 23CP1 22.75-23.00 1869-68
4 23CP2 22.75-23.00 1869-68
5 28CP1 27.17-27.42 1829-28
6 28CP2 27.17-27.42 1829-28
2.1.2. Preparation
After the field drilling operation in 1989, the NBY-89 ice cores were transported
and stored at the Ice Core Laboratory (ICL) at SUNY, Buffalo. Each 1 meter ice core
section was placed in a polyethylene bag and kept in a protective capped tubing. These
tubes were stored on shelves in a cold room at -28 C'.
Prior to the chemistry preparation sampling process, all the necessary tools for
core surface cleaning, such as pure nickel plates and polyethylene bags, were pre-cleaned
at the Environmental Research & Radiochemistry (ER&R) Division Laboratory at
Massachusetts Institute of Technology Nuclear Reactor Laboratory (MIT-NRL). A 99.5
% pure-Ni metal plate was used to surface clean the outer layer of each sample to remove
possible surface contaminants induced during the field core drilling and handling. The
plates (10x12x0.079 cm) were thoroughly cleaned with methanol, rinsed with deionized
(DI) water, and stored in acid cleaned polyethylene bags prior to use. Nickel is one of the
elements to which instrumental neutron activation analysis (INAA) is not very sensitive,
and its hardness is proper to shave solid ice surfaces.
The polyethylene zip-lock ice storage bags were soaked inside and out with 25 %
nitric acid by volume for 36 hours. They were rinsed four times with DI water and dried
in a clean bench after turning them inside out again. Laboratory grade Mallinckrodtfm
brand nitric acid was used for cleaning processes. The DI water for dilution and rinsing
bags was produced by a Coming TM LD-5 system with BamsteadTM MEGA-PURE® high
purity cartridges (resistivity > 2MG).
After preparation, the necessary equipment was transported to ICL at SUNY,
Buffalo. The core sampling process was completed in three separate trips. After the
removal of each ice core tube from the inner cold room (-28 Co) to the sample preparation
room (-23 Co), the core was removed from its container and samples from pre-determined
depths were cut with a band saw. Each sample weighed 150 to 200 grams before surface
cleaning (portions of the core segments from the same depth remain untouched and are
available for possible use in other research projects). After the cutting step, each sample
was placed horizontally in a clamp on a clean bench and its surface shaved with the clean
nickel plate. Shaving was done by layers all around the sample surface, removing an
approximately 6 to 10 mm thick layer. The clean inner part was enclosed in an acid
cleaned polyethylene bag. Holding this bag and the contained ice sample firmly, the
sample was separated from the clamped section by creating a weak point with the nickel
plate and bending it to break off. This way, the surface of the shaved ice samples was not
touched by any material except the acid cleaned bags. The remaining section of each
sample within the clamp was discarded. A simple schematic of this stage is given in Figure
2.1.
Weak
point < > Clamp
Bending
noiteid lll -
....... > Shaved ice
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bai
Figure 2-1. Schematic illustration of ice sample surface cleaning setup.
After closing the zip-lock, the sample was placed into another zip-lock bag (a label card
was placed in this second bag) and stored in a freezer in the cold room. The net sample
weights after the surface cleaning process were 60 to 100 grams each. During the sample
cleaning process polyethylene gloves, protective clothing, and masks were used to prevent
any possible contamination to the samples.
2.1.3. Pre-concentration by Freeze-drying
The majority of the elemental concentrations in Antarctic ice samples are at
nanogram and sub-nanogram levels (Batifol et al., 1989; Gbrlach and Boutron, 1992).
These low concentration levels require the use of over 50 gram of ice for each sample.
This is necessary to substantially exceed the INAA detection limits of most of the elements
for accurate concentration measurements. However, there are limitations on the volume
of a sample that can be irradiated and counted without some artifacts. The INAA
technique is best suited for solid samples in small volumes. Small volumes prevent the
neutron self-shielding effect in the inner region of sample matrix, and solid samples
simplify and speed up the handling phase. A second limitation is the difficulty involved
during gamma-spectrum collection of radioactive samples. Sample counting geometry is
an important factor for detector collection efficiency, which in turn directly affects the
measurement errors due to counting statistics. In addition, sample self-shielding of
gamma-rays in large volumes and contamination problems related to liquid samples are
unwanted features for large volume liquid sample analysis.
Two volume reduction techniques are applicable to ice samples: freeze-drying ice
samples in the solid state, and evaporation of melted ice samples in liquid state. Each
technique has advantages and disadvantages. Evaporation of melted ice is substantially
faster than freeze-drying. However, one problem of evaporation is the possibility of loss
of some elements by volatilization (Tanizaki, 1990). Although for a very slow, low
temperature, non-boiling evaporation process this loss may be prevented (G6rlach and
Boutron, 1990), the prevention of loss of volatile species and contamination from the
surrounding environment throughout the long evaporation time is a difficult task. For
freeze-drying, the major drawbacks are the slow turnaround time and possible loss of
elements with high vapor pressure. However, slow separation of water molecules from
only the frozen surface layer makes it less likely that some elements will be carried out of
the sample container. In addition, the closed, under-vacuum surrounding prevents
external contamination. It has been shown previously (Harrison, 1977) that as a result of
the freeze-drying process of water samples with known amounts of radioactive elemental
tracers, all but two (Hg and I) out of 22 elements studied showed retention yields of 96 %
to 100 %. Considering that there are only a few elements that can be lost significantly due
to their high vapor pressure (Hg, I, and Cl), freeze-drying was used here as the sample
pre-concentration technique. The basic principle of this technique is separation of ice and
the residue it contains by sublimating the ice under vacuum. To prevent the sublimating
water vapor from going into the vacuum line and to produce humidity free chamber, a
cooled coil (- 55 oC) is used to condense it. A simple schematic diagram of the freeze-
drying system is Figure 2.2.
The low elemental concentration levels in the ice samples require the contribution
from the sample containers of the freeze-dried samples to be minimal. Although it would
be possible to freeze-dry each 50 to 80 grams of ice without transferring it from its
original polyethylene bag, the contribution of each element from the container material
itself would be high compared to the net concentration levels expected in ice residue. To
overcome this problem, small (approximately 100 milligram), thin-wall polyethylene bags
were used as sample containers during freeze-drying (bag selection and characterization
steps are explained in detail in section 2.2.3). It was possible to freeze-dry 4 to 6 grams of
ice at a time using a multi-step freeze-drying process.
....> Vacuum
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Figure 2-2. Schematic illustration of the freeze-drying system.
'QUUU'
The polyethylene sample container bags and transparent polypropylene vials (0 35
mmx60 mm), used as rigid holders for container bags, were acid cleaned in the same way
ice storage bags were cleaned as explained previously. They were dried in a clean bench
on clean analytical grade washed filter papers (S&S TM , # 589). After they were dried, the
holders and bags inside them were placed into clean, closed, glass vacuum desiccators.
Before closing the cover of each desiccator, clean analytical grade filter papers were
placed on top of the holder vials to prevent any possible contamination during closing and
opening of the desiccator cover.
Since the freeze-drying capacity of the system (LABCONCO , Model 75200) is
limited to a certain amount of ice mass, 30 individual sample containers could be
processed in one or more vacuum desiccators at a time, which meant approximately 150
grams of total ice mass. This limitation is due to the need for holding a high enough
vacuum level inside the vacuum chamber and, thus, each desiccator, to prevent the melting
of ice, which essentially stayed at room temperature. Melting would cause the suction of
partially frozen samples out of the container bags, which would result in the loss of
elements from the containers. For our research sample preparation and 15 consecutive
stage freeze-drying cycles (six group of 30 samples, including empty control bags) were
completed in over a one and a half year period.
2.2. Instrumental Neutron Activation Analysis
2.2.1. Irradiations
At the end of the fifteen consecutive freeze-drying steps, each desiccator was
taken onto a clean-bench, and each sample bag was heat-sealed to prevent any loss of
residue during the sample irradiations. After heat-sealing, each bag was folded three times
on an analytical grade washed filter paper, in a way to minimize the sample size and shape
variations to assure a constant geometry during counting. After the folding, each bag was
placed into another acid-cleaned polyethylene bag, heat-sealed, and labeled. The same
steps were repeated for empty bags, which were used as blank control samples. During
these sample preparation steps, standard clean-room procedures were followed.
Since comparative INAA was being used as the measurement technique, NIST
certified standard reference materials were used as standard samples in the analysis. The
standard and control samples were "Coal Fly Ash - 1633a" and "Orchard Leaves - 1571",
respectively. For short (10 minutes) irradiations one 5 to 6 mg standard sample and one 8
to 9 mg control sample was used for each detector. To prevent excessive Na-24 isotope
production, and therefore high background noise, these standard and control sample
weights were reduced for long (24 hours) irradiations, and two 2-3 mg standard samples
and one 5-6 mg control sample was used for each detector. The same clean room
procedures were followed during the preparation of the reference material samples.
In the short irradiation process, elements with radioactive isotopes with half-lives
between a few minutes to a few hours were determined. For this group of elements, 10
minute irradiation duration was determined as an optimum time in the 8x10 12 n/cm 2-sec
thermal neutron flux. Irradiations were done by inserting four samples inside a sample
carrier (rabbit), and sending the container to the reactor irradiation location from the
radioactive sample handling room by an automatic pneumatic transfer system. In general,
there are two considerations for the number of samples to be irradiated at one time for
short periods. The first is the number of high resolution gamma-ray detectors available for
use, and the second is the time necessary to prepare the samples for counting at the end of
irradiations, which should be kept minimal not to allow very short-lived elements to decay
before counting. After 10 minutes irradiation, the samples were allowed to decay for one
minute. The purpose of this was to reduce the working dose by letting some very short-
lived (on the order of seconds) elements (mainly fluorine) to decay, since they can not be
determined at trace concentrations anyway, due to the comparatively long sample
packaging and transfer time required before the gamma-ray spectrum collections. After
receiving each irradiation container from the reactor through the pneumatic system, the
dose equivalent value at 30 cm was measured by a Geiger counter in the radioactive
sample handling laboratory. If this value was over five mrem/hr, it has been cooled until
the level fell below this value, and then samples were removed with long tweezers onto a
radioactive sample preparation hood, which is shielded for worker radiation protection.
Each outer sample bag was cut open with scissors and the inner sample bag was placed
into a clean, non-radioactive bag using separate clean TeflonTM tweezers. After finishing
the sample packaging step, the four samples were quickly transferred to the sample
counting room in a lead container. The same steps were followed for standard and control
samples.
After an average decay period of one week, the previously irradiated samples (10
minutes for short-lived element determination) were placed into an irradiation container
for longer irradiation. Irradiation duration of 24 hours was chosen as optimum in the 8x
1012 n/cm 2-sec thermal neutron flux. A maximum of eight samples per detector (total of
32) can be irradiated at a time to allow for the counting of samples before a considerable
level of decay. In addition, a total of eight standard samples and four control samples
were placed into each container for four detectors. At the end of each irradiation, samples
were allowed to decay two to three days to reduce the activity from some highly abundant
and comparatively short-lived (of the order of hours) elements (mainly sodium) and
prevent detector saturation and high background values during the gamma-ray spectrum
collection. After this decay period, samples were packaged as explained above and
transferred to the counting laboratory in lead containers.
2.2.2. Gamma-Ray Spectroscopy
The gamma rays emitted from the radioisotopes were counted using high
resolution HPGe detectors coupled with an 8192-channel pulse-height analyzer; spectra
were analyzed using computer-directed programs.
As explained in the previous section, irradiation durations, cooling and spectrum
collection times required optimizing depending upon the sample matrix and elements of
interest. Gamma-ray spectrums of each sample were collected in four stages, two after
the short irradiation and two after the long irradiation. At each stage, certain elements
with similar half-lives were determined. The counting duration was chosen not to be
longer than three half-lives of the shortest-lived element within a group of elements that
will be determined in a particular stage.
After each short-period irradiation (10 minutes), four samples were transferred to
the Counting Laboratory. After the transfer, each sample was placed on top of a detector
at 7 cm distance. Sample-detector distance was chosen so that at least ninety percent of
the time detector would be collecting gamma-rays emitted by the sample. In other words,
detector "dead time" would not exceed ten percent of the real counting time. The
occurrence of "dead time" is due to the coupled detector analog-digital conversion
electronic circuitry requirement of a certain time period to process an incident gamma-ray
from a radioactive isotope. During this signal processing step of an incident gamma-ray,
the detector is blocked electronically from other incident gamma-rays. The selection of
under ten percent "dead time" was made to minimize the spectral distortions.
The first stage (shorts-1) of counting was done for the net counting period of six
minutes and forty seconds. Following this, the second stage (Shorts-2) of counting was
done right after finishing the first stage for the net counting period of thirty minutes with
the same counting geometry. In these counting stages elements given in Table 2.5 were
scanned for concentration determination. Figure 2.3 shows a representative gamma-ray
spectrum for short lived (shorts-1) elements.
Gamma-ray spectrum collections following each long-period irradiation (24 hours)
were done in two stages. Since activity of the samples were low enough not to cause high
"dead time" values, each sample was placed right on top of detector to improve counting
efficiency. The first stage (Longs-1) of countings were done two to three days after the
irradiations with the counting periods of around six hours. The second stage (Longs-2)
countings were done two to three weeks after the first ones to let the medium half-lived
isotopes to decay extensively, so decrease the background and interferences for the second
stage elements. The counting periods were around twelve hours with the same sample
position as the previous stage. The elements scanned for concentration determination
during these counting stages are also given in Table 2.5.
After these collection stages, each spectrum was checked on the computer screen
for possible interferences on some of the peaks that were used by the computer program
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for the determination of element concentrations. Interactive peak fitting was performed
on each low intensity gamma-ray peak and portions of the spectra, wherever the detector
resolution would not be enough to separate peak doublets. After these final checks,
elemental concentrations were calculated by the computer program and printed out as
hard copies.
Table 2-5. Elements scanned in ice core samples by INAA.
Element Half-life Key Energy Scanning Element Half-life Key Energy Scanning
[keV] Stage [kevy] Stage
Al 2.25 m 1779.0 Short-i Te 1.35 d 149.8 Long-1
Cu 5.10 m 1039.3 " W 0.996 d 479.6
Mg 9.45 m 843.8 " U 2.36 d 106.4
Ti 5.76 m 320.1 " Yb 4.19 d 396.3
V 3.76 m 1434.1 " Ce 0.089 y 145.4 Long-2
Ba 1.396 h 165.9 Short-2 Cs 2.065 y 795.9
Cl* 0.62 h 1642.4 " Cr 0.076 y 320.1 "
Dy 2.33 h 94.7 " Co 5.271 y 1173.2
Ga 14.1 h 834.1 " Eu 13.48 y 1408.0
In 0.903 h 417.0 " Gd 0.662 y 97.4
I 0.417 h 442.9 " Hf 0.116 y 482.1
Mn 2.578 h 846.8 " Ir 0.202 y 316.5
Na** 14.96 h 1368.6 " Fe 0.122 y 1099.2
Sr 0.291 h 388.4 " Lu 0.018 y 208.4
Sb 2.70 d 564.1 Long-1 Nd 0.03 y 91.1 It
As 1.096 d 559.1 "I Rb 0.051 y 1076.7
Br 1.471 d 554.3 "I Sc 0.23 y 889.3
Cd 2.228 d 336.3 "I Se 0.328 y 264.7
Au 2.694 d 411.8 "I Ta 0.314 y 1221.4
La 1.678 d 487.0 " Tb 0.198 y 298.6
Mo 2.748 d 140.5 " Th 0.066 y 311.9
K 0.515 d 1524.6 " Zn 0.668 y 1115.5 i
Sm 1.929 d 103.2 " Zr 0.175 y 724.2
(*) Determined by direct liquid sample analysis.
(**) Determined by both freeze-dried and liquid sample analysis.
2.2.3. Blank Correction
The ice residue which accumulated in the polyethylene bags following the freeze-
drying process was extremely small, and could not be removed from the bags. Therefore,
bag blank contributions to the ice elemental concentration values had to be corrected.
Before starting the sample freeze-drying process, a preliminary study was done to
determine the elemental concentrations in different batches of polyethylene bags. As a
result, a single batch of bags was chosen because of lower elemental total mass per bag.
The final concentration results and uncertainties for the bag blanks were obtained from the
24 procedural blank bags placed into the desiccators together with the samples during the
sample pre-concentration stages, and they are summarized in Table 2.6. The total
uncertainties (CT) were calculated by including both the measured variations in the
procedural blank bags (aB) and the analytical uncertainties (OA) by the following equation:
(2.1)
Contribution of blank correction to the overall measurement uncertainty of the samples is
discussed in section 3.1.
Table 2-6. Container bag-blank concentrations.
Element Concentration Uncertainty Number Element Concentration Uncertainty Number
[ng/g-bag] of Bags [ng/-bag] of
Na 13986 879 24 Sb 2.3 1.0 17
Mg 5218 2891 24 Te 0.46 0.38 4
Al 14386 1398 24 I 23 9 8
C1 1536 555 24 Cs 3.2 1.6 10
K 3499 743 19 Ba 280 131 12
Sc 2.8 0.2 19 La 6.3 1.1 19
Ti 1843 1180 15 Ce 18 6 19
V 121 8 24 Nd 76 76 19
Cr 105 37 19 Sm 1.13 0.16 19
Mn 49 12 24 Eu 0.68 0.38 10
Fe 7019 1905 18 Gd 1.4 0.7 12
Co 9.1 4.0 19 Tb 0.49 0.54 11
Cu 381 269 7 Dy 1.8 0.9 18
Zn 117 65 19 Yb 0.66 0.33 16
Ga 94 66 6 Lu 0.14 0.21 11
As 3.1 0.6 17 Hf 0.86 0.35 10
Se 13 9 17 Ta 8.9 5.0 5
Br 79 32 17 W 1.8 0.7 16
Rb 65 51 3 Ir 0.067 0.046 4
Sr 218 168 9 Au 0.077 0.045 13
Zr 273 226 2 Hg 1.5 0.8 19
Mo 15 4 17 Th 2.3 0.8 18
Cd 2.5 1.4 14 U 3.7 1.3 16
In 0.81 0.36 10
( T = ( +Y A
2.3. Air Content Determination
Before starting the experiments with the actual ice core samples, the total
experimental uncertainty of this method had to be determined. One contribution to the
uncertainty comes from the adsorption of air from the working environment on the sample
surface during the preparation and analysis. This contribution was determined by creating
air-free ice, and subjecting it to the identical sampling and analysis stages to those of real
samples. A special experimental apparatus was designed and constructed (Figure 2.4) to
produce air-free ice.
Vacuum
Liquid N2
ooling coil
Figure 2.4. Illustration of air-free ice production system.
A polycarbonate desiccator was modified to contain a cooling coil and a purging
nozzle. The cooling coil (0 8 cm x 15 cm) and purging nozzle were made of a copper
tubing (0 8 mm) and aluminum tubing (0 2 mm), respectively. The purging nozzle had a
spiral shaped tip (0 5.5 cm) with small holes in it. Approximately 250 ml of water in a
cylindrical, polyethylene container (0 6 cm x 14 cm) was placed in the middle of the
cooling coil. The purging nozzle was placed in the water container, and the desiccator
cover was closed. The time chart of the experiment is given in Table 2.7. During the first
stage of the experiment a portion of air was released from the water by the application of a
vacuum. Following this, the water was purged with CO 2 gas to enhance the release of the
remaining air. The purging gas was free of Ar since the amount of air in the ice was
determined by measuring the Ar (argon) content by gamma-ray spectroscopy. The gas
used for purging was 99.995 % pure CO 2 with a maximum Ar (argon) content of 5 ppmv,
which is negligible in comparison of the argon in air of 9340 ppmv.
Table 2.7. Air-free ice production time chart.
Time [m] Action Temperature [°C]
(inside the desiccator)
0 Vacuum started 25
60 CO2 flow started 20
65 Liquid N2 flow started 19
118 CO2 flow stopped -18
119 Vacuum stopped -18
120 Liquid N2 flow stopped -18
Since comparative INAA was used to measure the air content in ice, standards
were prepared from atmospheric air, whose Ar content is well known. For accurate
volume determinations two polyethylene vials with caps were filled with water, as seen in
the Figure 2.5. Net water masses were converted to volumes by dividing them by the
density of water, 0.998 g/ml, at 20 'C. After these steps the vials were emptied and dried.
They were closed by new caps, and left in the indoor air environment overnight to allow
the interior and exterior air pressures to equilibrate. Later their caps were heat sealed to
ensure air tightness.
Water outlet hole
Polyethylene vial
Water injector
Cap
Figure 2.5. Air standard vial volume determination.
In addition to the artificially produced, air-free ice samples, a total of nine
specimens from the NBY-89 ice core were sampled for air content analyses to
demonstrate the applicability of the method. Five were chosen specifically to determine
the precision of the method (Figure 2.6a), and the remaining four to understand the
seasonal impact on the air content over a continuous year (Figure 2.6b) of snow
accumulation.
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Figure 2.6. Ice sample selection for air content measurement.
All samples, including the air-free blanks, were cut in the same way as discussed in section
3.1 using a special pure nickel blade, the average sample weight was about 3 g.
Immediately after the cutting step, the samples were placed into marked polyethylene
bags, and the bags heat-sealed. The samples were stored in a freezer at -28 'C until the
time of irradiation. Three ice samples were irradiated at a time in a sample carrier for two
minutes in 8x10 12 n/cm 2-sec neutron flux. Since the specific irradiation location used is at
approximately room temperature, the duration of irradiation did not cause observable
surface melting. Once samples were received in the radioactive sample handling
laboratory, they were taken out of the carrier, and each bag was cut open. The samples
were allowed melt on their external surfaces to flush possible surface air contamination
prior to the irradiation by keeping them at room temperature for a few minutes. Following
this, each sample was placed into an unirradiated polyethylene bag, and the bag heat-
sealed. Each sample then was placed into a second labeled bag for safer handling and
better Ar gas containment in case of melting during gamma-ray counting for the Ar-41
radioactive isotope. After these steps, samples were transferred to the counting laboratory
and counted for 15 min at 7 cm distance from the detector surface. At the end of the
counting time, partial melting had occurred in each sample bag. However, the air released
by the melting of the samples should have still stayed inside the container bags. The heat
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sealed air standard vials also were irradiated in the same way and counted for 5 min on
each detector. After letting the samples decay (t1/ 2=1.82 h for Ar-41 isotope) for twelve
hours, they were weighed to calculate the net weights by subtracting the previously
measured container bag weights from the total measured sample weights. Finally the air
content of each sample was determined by comparing its Ar-41 gamma-ray peak to that of
the standard sample.
3. RESULTS AND DISCUSSION
3.1. Data Quality Assessment
In the past, many trace element measurements on ice cores suffered from unknown
contamination problems occurring during core drilling, sample handling and preparation
stages (Wolff and Peel, 1985; Gbrlach and Boutron, 1992). Although the measurement of
elements in nanogram and sub-nanogram concentration levels is already a major challenge,
to achieve this goal without contaminating the sample is a more difficult task.
Recognizing the problems in earlier studies in this field, special attention was given from
the beginning of this research to contamination prevention and quality control. A special
difficulty inherent to the study of ice cores is related to the availability of an adequate
sample. The NBY-89 ice core has only a 10 cm diameter, and any one ice specimen
cannot be replaced. The first 50 meters (1647 A.D.-1989 A.D.) of the NBY-89 core was
first used heavily by other researchers and the amount available for this investigation was
terribly limited. Since the pores in the core are not totally closed to the atmosphere over
the upper 40 to 50 meters (firn structure), it would not be representative enough to use
samples from deeper levels, whose pores are closed to the atmosphere (ice structure), for
quality control purposes, although those samples were more available for use. Due to this
limitation, only three pairs of samples (see Table 2.4) were obtained from the first 50
meters depth of the core for duplicate analysis and cross-profiling. Cross-profiling can
also be considered a duplicate analysis of a sample, if there is not a contamination
problem.
The preparation of these three pairs of samples was somewhat more complicated
than that of the rest of the samples. This is due to the need of separating a surface cleaned
sample into two parts (interior and exterior) without contaminating it. Since the sample
weights were limited, it would not be possible to repeat the surface cleaning by shaving
outer layers from each piece after the cutting step. Therefore, a clean way to divide the
samples was necessary. One way of doing this could be melting and collecting the outer
layers in another container on a clean-bench. However, this was not possible for these
samples, since they had a permeable firn structure, which would allow the melted water to
diffuse into the inner section of a sample. To overcome this problem, a high purity nickel
blade was manufactured and mounted on a drill for cutting the samples on a clean-bench.
A simple schematic of this system is given in Figure 3.1.
Clean
polyethylene Nickelblade
Ice
sample
Figure 3-1. Sketch of sampling system for cross-profiling sample preparation.
During the preparation of these samples, one section of a pair (17CP2) was dropped and
contaminated accidentally. Therefore, only the remaining two pairs were analyzed for
their elemental concentration profiles.
The results for the inner and outer sections of each pair are given in Table 3.1. As
can be seen in Figure 3.2, the inner and outer sections of each pair showed a good
agreement within the experimental errors for most of the elements. For a few elements,
the results show a considerable difference between the two sections. However, this
difference does not follow a pattern of contamination, which would always show higher
concentrations for outer (CP2) layers. Therefore, this disagreement is more likely a result
of a combination of factors, namely the cutting process to separate inner and outer parts,
sample inhomogeneity, and analytical uncertainty. Although a pure nickel blade and clean
room procedures were used to cut the samples, some contamination may have occurred
for these elements. Another possibility is a real concentration difference due to the
difference of each snow flake deposited. However, this argument is somewhat unlikely,
since there are thousands of snow flakes in each section that should create a homogenized
deposition of aerosols. Since this extra cutting step was not involved for other samples
used in this work, it is likely that elemental concentration results on those samples will
have less analytical uncertainty compared to the control samples. Considering that for
elements, such as aluminum and sodium, that are readily available in the sampling and
preparation environments, the results show satisfactory agreement between the inner and
outer sections, any serious and systematic contamination problem influencing the results
can be ruled out.
Table 3-1. Concentration results for cross-profiling samples [ng/g-ice].
23CP1
(inner)
44±5
10±4
91+11
0.060±-0.003
10.0±4.2
0.15+0.04
0.65±+0.09
0.64±0.03
11.5±4.8
0.009±0.010
4.7±0.4
0.004+0.002
0.08±0.09
0.007+0.012
0.002+0.004
0.0731+0.005
0.001+0.003
23CP2
(outer)
51±5
9±+3
88±10
0.051+0.003
14.4±3.8
0.15±+0.03
0.37±+0.06
3.25±0.05
12.9±3.6
0.014+0.008
10.6±0.7
0.005±+0.002
0.08-0.07
0.022-0.011
0.009-0.005
0.067+0.004
0.006_+0.002
28CP1
(inner)
42+5
12+4
87+11
1.2+3.5
0.058+0.004
5.7±3.0
0.01+0.02
0.39-0.08
0.81±0.03
7.0±4.3
0.010-0.009
6.7±0.5
0.001-0.002
0.12±+0.08
0.011-0.011
0.003+0.005
0.026+0.003
0.006+0.003
28CP2
(outer)
48+5
5±3
108+13
5.9±4.6
0.057+0.003
3.1+2.6
0.01-0.02
1.01-0.07
0.87±0.03
15.1±4.0
0.017_-0.008
11.0±0.8
0.006--0.002
0.19±0.09
0.007-0.009
0.014_+0.007
0.037+0.003
0.002+0.002
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Figure 3-2. Elemental concentrations measured in cross-profiling samples (CP1 and CP2
denote inner and outer samples, respectively.
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After this assessment, the procedures for blank correction and experimental
uncertainty calculation steps will be described. As was discussed in section 2.2.3, sample
container blanks were analyzed and their average elemental concentrations were
calculated. Define [Ck]sample and [Ckblank as the concentrations of element k in a sample
(includes ice and its container) and blank container, Mice and Mblank as the ice mass and
container mass. One can then calculate the net concentration in ice as follows:
[Ck]ice = { ( [CkIsample X (Mice + Mblank) ) ( [Cklblank X Mblank-) }/ Mice (3.1)
Since,
Msample = (Mice + Mblan) =  ce (3.2)
the final result can be given as:
[Ck]ice = [Ck]sample - { ( [Ck]blank X Mblank) / Mice } (3.3)
Error propagation calculations were performed in each step to obtain the final
concentrations. Uncertainties due to sample weighing, container blank measurement, and
gamma-ray spectrometry counting statistics were all included. Although it would be
desirable to include the uncertainty due to the preparation and handling steps of samples,
assessment of this uncertainty was not possible for the reasons mentioned above. One
alternative to assess this uncertainty could be the use of artificially created duplicate
samples. However, it would be very difficult to simulate the real samples which had firn
structure (pores open to the atmosphere) and low elemental concentrations.
Median uncertainties of the final concentrations for the 18 elements with
significant observation frequency (> 70 %) are given in Table 3.2. For most of the
elements, the major contribution to the total uncertainty on the final concentrations came
from the blank correction step for sample containers. Plots of cumulative percent data
with respect to overall relative uncertainty are given in Figure A. 1. in Appendix A.
Table 3-2. Median uncertainties on the concentrations of elements with significant
observation frequency.
Element Median % Number of Element Median % Number of
Uncertainty samples Uncertainty samples
Na 11 97 Mn 15 97
Mg 123 72 Fe 37 95
Al 24 97 Zn 13 97
C1 13 97 As 30 97
K 57 73 Br 48 95
Sc 52 90 Mo 128 66
Ti 112 73 Sb 8 95
V 78 89 La 77 89
Cr 9 97 Sm 56 84
3.2. Time-Series Trends
The final concentrations for the main group of 97 samples analyzed and the
statistical summary information regarding this data set are given respectively in Table A.1
and Table A.2 in Appendix A. Since there was more than one sample in some years, and
some samples coincided with two or more years, the depth-date calibration data (Table
A.3 in Appendix A) provided by Osada (1994, personal communication) was used to
calculate the concentrations for a specific year of interest. Note that the provided dating
calibration data is more precise for the period between 1941 and 1989 compared to the
period between 1711 and 1941. Annual concentrations were calculated by weighted
averaging of the samples associated with a specific year, and the percent length of each
sample portion that coincided with that year was used as the weight coefficient for that
sample. These final annual average concentrations are given in Table A.4 in Appendix A.
In these calculations missing values were replaced by the most probable values obtained by
log-normal distribution curve fitting to the original data, and the results of these
calculations are given in Table A.5 in Appendix A. The physical and mathematical bases
of this step are explained in section 3.3.2.
One parameter that is helpful in evaluating whether or not a source category might
be an important contributor for an element of interest is called enrichment factor (EF) and
defined as (Gordon et al., 1971):
IX]
[Y]I sample
EFx= sa(3.4)
{[Y] reference
where,
[X] : Concentration of element of interest
[Y] : Concentration of element used as marker for a source category
This parameter compares the ratio of these elements in a sample medium to that of a
reference medium such as soil, sea water, or plume from a volcano. In a physical sense,
the EF parameter shows whether a source category might be a candidate for the observed
concentrations of an element or not. When this parameter is less than 5, it is assumed that
the element of interest is not enriched significantly with respect to the reference medium.
This implies that medium might be a candidate as a source category for that element. In
an ideal situation, the EF of an element that originates only from a specific source of
interest (e.g., soil dust) should be 1 at the receptor site. However, due to the
inhomogeneities on the source compositions and possible physical and chemical
fractionation effects during the transport to the receptor site, this parameter deviates from
1 in most cases. That is why EF values as high as 5 may not be claimed with certainty to
be real in most cases. Crustal and marine enrichment factors for some elements measured
in this work are given in Table B. 1 and Table B.2 in Appendix B respectively. Aluminum
and sodium were used as the marker elements for crustal and marine EF calculations. The
crustal contribution to the total sodium concentrations was subtracted to find the marine
component, and these corrected sea-salt sodium concentrations (Na.) were used in the
marine EF calculations. Taylor's (1972) standard crustal and Goldberg's (1963) standard
marine reference compositions were used in the calculations.
One can safely assume that the elements measured were deposited almost entirely
as components of aerosols, although some volatile and highly soluble elements might also
have been deposited in individual form. In Antarctica, aerosols can be classified into four
general categories with respect to their origin, as crustal, marine, volcanic, and
anthropogenic (Dick, 1991; Tuncel and Zoller, 1995). Although there might be some
extraterrestrial contribution, it is thought to be very minor in comparison (Tuncel et al.,
1989). A few certain elements are almost entirely associated with a certain aerosol source
category.
3.2.1. The Marine Aerosols
The two major elemental components of marine aerosol used as marker elements
are sodium and chlorine, mostly associated with the sea-salt component. Since there
might be considerable loss of chlorine due to chemical fractionation during transport
(Legrand and Delmas, 1988), and significant contribution of chlorine from volcanic
emissions from time to time (Kyle and Meeker, 1990), Sodium was chosen as the marker
element for marine aerosols. The time-series trend for sea-salt sodium (Na.)
concentrations is given in Figure 3.3. In this plot, and the ones following, the abscissa is
not given to scale, so the data covering the time period from 1926 A.D. to 1989 A.D.,
which has continuous annual data, is clear. The data is comparatively sparse prior to that
period. As can be seen, a significant and sharp increase of concentration occurs between
1969 and 1989. Concentrations fluctuate from year to year throughout the time periods
both before and after this increase, but do not show a monotone trend within a time
period. The ratio of average concentrations in the post and pre 1969 period is 3. This is a
sudden and significant increase in the last two decades. Although not as significant, there
seems to be another similar era between 1870 and 1895. However, due to the sparse data,
it is difficult to draw any conclusions for this earlier period.
As mentioned earlier, due to the high vapor pressure of chlorine, the possibility of
volatilization loss during the freeze-drying steps exists, so this element was not determined
from the freeze-dried samples but directly from small (1-2 g) melted samples. Therefore,
it is more meaningful to compare the chlorine concentrations with the sodium
concentrations measured within the same small samples. In further discussions these
specific measurement results for chlorine and sodium will be designated as Cliq and Naiq,
respectively. Figure 3.4 shows the concentration time-series trends of ClIq and Nalq. As
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seen, these elements are well correlated with each other, as expected because of their
common origin. They also exhibit a sharp increase within the last two decades. Two
possible causes of this increase are a more efficient aerosol mixing over the Antarctic ice
sheets and/or an enhanced source strength in the southern oceans. It is helpful to consider
the production and transport mechanisms of marine aerosols to be able to comment further
on this behavior.
The marine aerosols, made up of mostly sea-salt particles, are released from the
sea surface into the air mainly by two well-known release mechanisms, which are the
surface films in breaking waves on the ocean and jet drops from rising air bubbles (Shaw,
1989). Air can be brought into the water by raindrops, snowflakes, supersaturation
(produced by temperature rises), and whitecaps, with the last being the most effective
(Blanchard and Woodcock, 1980). Sea-salt aerosols were shown to be as small as 0.03
gIm (M6szaros and Vissy, 1974) and as large as several hundred microns (Junge and
Jaenicke, 1971) in the ocean surface air, although only 1-2 % are small enough (r < 0.5
pm) to arrive on the Antarctic ice sheets (Junge, 1963). It was also shown that wind is an
important factor in the source strength of sea-salt aerosols (Fairall et al., 1983). An
increasing number of aerosol concentrations in the Aitken mode (r < 0.1 pm), associated
with higher sea surface temperatures and stronger surface winds, were observed
throughout the tropical trade wind region (Lal and Kapoor, 1992). Increasing storminess
is one of the reasons for the enhanced marine aerosol concentrations observed in central
parts of Antarctica during the winter seasons (Cunningham and Zoller, 1981; Parungo et
al., 1981; Tuncel et al., 1989). The general source region for the warm, marine aerosol
enriched air seems to be the Ross-Amundsen-Bellingshausen seas (Bodhaine, et al., 1986).
The seasonal behavior of the sea-ice cover in these regions was suggested as a defining
factor for the observed discreet sea-salt episodes that accompany warming during winter-
summer transitions (Hogan et al., 1990).
The transport of marine aerosol from the oceans to the Antarctic ice sheets takes
place through advection and turbulent diffusion in the atmosphere. However, this
transport is somewhat complicated by the special meteorological features around
Antarctica. The especially intense and highly zonal circumpolar vortex is an important
barrier for the aerosol transport to the interior of the ice sheets (van Loon, 1972). The
circulating cyclonic storm systems that form over the oceans in the vicinity of the polar
front (Wilson, 1968) and migrate clockwise around the continent due to the circumpolar
vortex can rarely penetrate this barrier (Shaw, 1979). The cyclonic wind system and
surface temperature inversion are weaker during the summer season, which results in more
favorable conditions for aerosol transport into the ice sheets compared to the winter
season (Cunningham and Zoller, 1981; Hogan et al., 1984; Tuncel et al., 1989).
Therefore, lower marine aerosol concentrations observed during the summer months
should be the result of calm weather conditions that results in the less efficient production
and intrusion of aerosols into the ice sheets. An upper troposphere-lower stratosphere
mixing was demonstrated, especially during the spring season, both in lower latitude
regions and Antarctica (Danielsen, 1968; Ellsaesser, 1983; Wagenbach et al., 1988;
Murphey et al., 1991), which might indicate a stratospheric transport route for lower-
latitude water vapor and aerosols into the Antarctic atmosphere. However, it was shown
that not this transport mechanism but an enhanced source of aerosols in the maritime polar
air source region was the main reason for the observed spring time marine aerosol
concentration increase at the South Pole (Hogan et al., 1990).
In light of these details about the production and transport of marine aerosols,
production is more likely to be the defining factor for the enhanced deposition within the
last two decades, although the possibility of more efficient aerosol mixing over the
Antarctic ice sheets cannot be ruled out. Since Antarctica is surrounded by oceans, the
source strength for marine aerosol is stronger and transport range is shorter than those of
other aerosols. Therefore, it is expected that significant changes in the oceans and their
surroundings will affect the marine aerosol concentration in Antarctica faster and stronger
than the other aerosol categories. Changes in the sea-ice extent, sea surface temperature,
ocean currents, ocean microbial activity, wind strength, precipitation patterns, and air
temperature are among those that can affect marine aerosol concentrations. In reality, all
of these parameters are components of the ocean-atmosphere system and they strongly
affect one another.
For newly produced sea-salt aerosol, the chlorine to sodium ratio reflects the ratio
within the sea-water which is 1.8 (Loureiro et al., 1992). However, several studies
showed chlorine depletion in the aged marine aerosols collected in the Antarctic
atmosphere (Maenhaut et al., 1979; Bodhaine et al., 1987; Legrand and Delmas, 1988;
Guerzoni et al., 1992;), as well as in the tropical marine atmosphere (Kritz and Rancher,
1980). Measurements of the marine aerosols collected over the tropical and equatorial
Pacific showed a 40 % loss of chlorine from the submicron particles, while no loss was
observed for larger particles (Raemdonck et al., 1986). The overall reaction responsible
for this depletion is thought to be (Keene et al., 1986);
NaCl (p) + H => Na' (p) + HCI (g)
where "p" and "g" denote the particulate and gas phases, respectively. As a source of
hydrogen ions, atmospheric acids H2SO4 and HNO3 have been proposed (Legrand and
Delmas, 1988). Figure 3.5 shows the Cliq to Nalq concentration ratios obtained in this
work. The overall average ratio is 2.03-+0.04. Since these measurements were done in
small samples, which cannot represent annual average concentrations, these values should
be taken as informational values due to the possible seasonal differences in this ratio.
However, one interesting feature on this plot is the apparent drop of chlorine-to-sodium
ratio after 1940. Pre- and post-1940 ratios are 2.24±0.08 and 1.87±0.04, respectively.
Two reasons could explain this behavior; one is the possibility of increasing crustal
contribution to the total sodium budget during the post-1940 period, and the second one is
the possibility of higher chlorine contribution from volcanic activities to the total chlorine
budget during the pre-1940 period. As will be discussed in sections 3.2.3 and 3.2.4, both
of these possibilities seem likely to contribute to this trend.
The average marine Enrichment Factor (EFm) results calculated from Table B.2 in
Appendix B indicate that oceans are the main source for the elements sodium
(EFm,=1.1_0.03), magnesium (EFm=1.3_0.2), chlorine (EFm=1.3±0.03), potassium
(EFm=3.8±0.4), and bromine (Efm=1.2+0.1).
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3.2.2. Possible El Nifio Events-Marine Aerosols Connection
When one looks at the major changes in the ocean-atmosphere system within the
last two decades, one sees that the occurrence of the so-called El Niflo Southern
Oscillation (ENSO) events in the Pacific Ocean increased considerably compared to the
previous five decades (Fig 3.6). Although it is not the scope nor the intention of this work
to get into much detail about this natural phenomenon, a short summary might be useful
before getting into further discussion.
The term El Nifio (Spanish for the Christ Child) was originally used for a weak
warm coastal ocean current which annually flows southwards along the coasts of Ecuador
and Peru in the first three months of the year (Burroughs, 1992). In some years,
abnormally high and persisting temperatures disrupt the ecological balance much more
seriously and in scientific usage the term El Niflo has come to be associated with these
extreme inter-annual events. The Southern Oscillation, named by Sir Gilbert Walker in his
papers in the 1920's and 1930's, originally referred to the oscillating atmospheric pressure
difference between the Pacific and Indian Oceans and its connection with temperature and
rainfall patterns (Burroughs, 1992). Essentially, this pressure difference is the driving
force for the easterly trade winds from the eastern to western Pacific. Later in the 1960's,
Jacob Bjerknes was the first scientist to see a connection between unusually warm sea-
surface temperatures and the accompanying heavy rainfall in the eastern equatorial Pacific
and weak easterlies (Wallace and Vogel, 1994). This discovery led to the recognition that
the El Niflo and Southern Oscillation are parts of the same phenomenon which is now
called ENSO.
During normal years, the easterly winds that blow along the equator and the
southeasterly winds that blow along Peru's and Ecuador's coasts drag the warm surface
water along with them towards the western Pacific region, and cold deep water replaces
this warm surface water. This regular movement of ocean currents ceases during El Nifio
years, when the weakening easterly trade winds are no longer able to drag the warm
surface water from the eastern to western Pacific. As a result, the sea-surface temperature
distribution and the precipitation pattern become drastically different than in normal years.
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During these years, sea-surface temperatures and precipitation rates increase in the central
and eastern Pacific regions, while decreasing in the western Pacific region. Although the
exact reason(s) for the initiation of ENSO event is(are) not known, its effects on the
climate are quite visible today. Changing temperature, precipitation, and wind patterns
especially in Australia, South America, and part of Africa are drastic.
After this short review one can comment on the possible connection to the
observed marine aerosol concentration increase in Antarctica (this work). The observed
changes on the sea-ice extent, sea-surface temperature distribution, precipitation patterns,
and storminess over the Pacific Ocean during the ENSO events are likely to affect the
marine aerosol production. It was already mentioned in a review article (Carleton, 1992)
that the sea-ice-circulation anomalies might have some connection to the ENSO, and the
extent of the sea-ice has an effect on the migration of moisture sources important for the
sea-salt aerosol accumulation on the Antarctic ice sheets. It was also mentioned by the
same author that signatures recorded in ice cores hold the best promise to obtain longer-
term data. Also the Pacific sector of West Antarctica, from which the NBY-89 ice core
used in this work was obtained, appears to hold promise for detecting the ENSO signal,
although some problems might arise from the dominance of the annual snowfall regime by
relatively few cyclonic events. Therefore, the enhanced marine aerosol concentrations
observed in this work might have some relationship to the increasing ENSO activity within
the last two decades.
One way of checking this hypothesis is to search for possible periodicities in the
Na, concentration time-series data and to compare these to the previously identified
periodicities on the ENSO related parameters, such as sea level pressure (SLP), sea
surface temperature (SST), and precipitation patterns in the Pacific region. For this
purpose a computer program developed by Khalil and Moraes (1995) was used. This
program relies on the Linear Least Squares Spectral Analysis (LLSSA) method which is a
simple method of time-series analysis based upon linear least squares curve fitting. The
main idea of this method is to find the best fit sinusoid to the data for each member of a
set of periods and then assign a weight factor to each fit by calculating the power (square
of the amplitude of the fit) for that period (Khalil and Moraes, 1995). The major
advantages of this method are the possibility of unevenly spaced data analysis for any
length period and easy determination of statistical significance for each period. Detailed
information about this method can be found in literature (e.g., Bloomfield, 1976; Moraes
and Khalil, 1993; Khalil and Moraes, 1995).
The power spectrum of the Na. time-series data (1711 AD-1989 AD) for periods
between 2.1 and 15 years are given in Figure 3.7. In spite of its highest power value, the
2.0 year period was eliminated due to its very high uncertainty. Figure 3.8 shows the
measured Na. time-series data (1926 AD-1989 AD) together with the curve fitting using
the most significant period (4.2 years). In this fit the general trend seems quite close to
the real data except the absolute concentration values. This difference comes from the use
of a single period for the fitting. When the top eight periods were fitted (2 year period
excluded) to the same data, the two curves showed much better agreement as expected
(Figure 3.9). The power spectrum calculation results for two different time intervals are
summarized in Table 3.3.
Table 3-3. Periodicities and their power values in Na,, data set.
Time Period Period power 1
(AD) [year]
1711-1989 2.0 802+±1806
3.8 149+129
4.2 165±137
9.1 136±123
11.7 139+127
31.4 367+_195
34.6 319±186
46.5 310±180
55.8 525±221
98.1 686-243
160.0 735±283
1926-1989 2.0 1292±12690
3.8 191+191
4.2 207_+199
5.7 149+170
7.5 122+155
9.1 124±156
11.7 107+145
17.1 119±155
34.6 607_±322
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In an independent study, periodicities on the variation of the Southern Oscillation
(SO) were identified from accumulated Darwin (Australia) mean sea level pressure
(MSLP) anomalies (Zhang and Casey, 1992). This analysis, covering the interval between
1882 and 1989, showed significant periods between 2 and 6 years. It was also reported
that (Burroughs, 1992) the spectral analysis of the annual SO figures in Australia and New
Zealand showed a series of peaks, the most marked of which are at 3, 3.75, around 6,
around 9, and 10 to 12 years. As can be seen, these periods are quite similar to the
periods found in this work. Therefore, the hypothesis about the possible relationship
between the ENSO related events and sea-salt sodium concentrations deposited on the
Antarctic ice sheets has some validity. However, a word of caution is necessary because
of the possible problems with the time-series analysis of environmental data as summarized
by Burroughs (1992), and more detailed and sophisticated statistical analysis studies are
necessary before reaching any final conclusion.
3.2.3. Crustal Aerosols and Their Possible Role in Polar Atmosphere
Crustal aerosols are customarily represented by the marker elements aluminum,
scandium, and, to a certain extent, iron. In this work aluminum was used as the marker
element for crustal aerosols. The time-series trend of aluminum concentrations is given in
Figure 3.10. As seen, there is a significant upward trend after 1980, while the overall
concentration trend is reasonably constant prior to that time with the exception of
sporadic episodes in certain years. The ratio of average concentrations in the post- and
pre-1980 periods is 3.0±0.1. This is a significant increase in a considerably short time
period. Although not as significant, there is also some enhancement between 1969 and
1980. The ratio of the average concentration between 1969 and 1980 to that of the pre-
1969 period is 1.4±-0.1. This increase is also evident for scandium which is another mainly
crustal origin element (Figure 3.11). Although the aluminum and scandium concentration
trends are similar in general, they differ at certain years mainly because of the higher
measurement uncertainties for scandium caused by near-detection limit concentrations in
the samples. The number of missing values for certain years might bias scandium. Figure
3.12 shows the crustal enrichment factor time-series trend for scandium. Even though the
EF for scandium is expected to be close to one, it is only 0.22+0.03 on the average. This
behavior was also observed in some previous atmospheric aerosol sampling programs in
Antarctica (Tuncel et al., 1989). Although it seems that the post-1948 era has higher
scandium EFs compared to that of the pre-1948 era, high uncertainties on the data make it
difficult to be sure about the reality of this behavior.
The average crustal Enrichment Factor (EFt) results calculated from the Table B. 1
in Appendix B indicate that crustal contribution is the main source for most of the
elements measured in this work (Table 3.4). However, this conclusion does not rule out
the possibility of some other episodic contributions from specific sources, such as
volcanoes. Among these potentially crustal origin elements, magnesium and potassium
also come from the oceans at the same degree as shown in the previous section.
Table 3-4. Average EFe results for potentially crustal origin elements.
Element Average EFe Element Average EFe
Mg 1.9±0.3 Fe 1.4±0.1
K 1.9±+0.2 Co 1.0±0.2
Sc 0.2±0.03 La 2.1±0.2
Ti 2.9_0.5 Ce 2.0±0.3
V 1.5±0.2 Sm 1.6±0.1
Mn 1.2±0.05
Since 99 % of Antarctica is covered with ice, and the continent is far from other
land areas in the Southern Hemisphere, the major mechanism for crustal aerosol input into
the Antarctic ice sheets is expected to be long range atmospheric transport from distant
source regions. Although some small arid areas in Antarctica, such as the Transantarctic
Mountains, also were proposed recently as potential crustal aerosol source areas for the
ice sheets (Guerzoni et al., 1992), these frozen soil areas are not considered as important
sources for the central parts of the continent (Cunningham and Zoller, 1981; Dick, 1991).
Therefore, increasing crustal aerosol input into the ice sheets should be either due to
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increasing source strength at some distant land areas and/or increasing transportation
toward the Antarctic from those areas. This view is supported by the observed seasonal
crustal aerosol concentration trends, which show summer maximum and winter minimum
(Cunningham and Zoller, 1981; Wagenbach et al., 1988; Tuncel et al., 1989). Since
scavenging is more effective during the winter season due to increasing precipitation,
aerosols are less likely to survive the long-range transport over the oceans. In addition,
the cyclonic wind system and surface temperature inversion are weaker during the summer
season, which result in more favorable conditions for aerosol transport into the ice sheets
compared to the winter season (Cunningham and Zoller, 1981; Hogan et al., 1984; Tuncel
et al., 1989).
Deserts, which cover approximately one-third of the global land surface, are the
most important crustal aerosol sources (Jaenicke, 1993). Due to extreme physical and
chemical weathering processes, some parts of deserts (dry valleys) produce very high
numbers of small size aerosols that can participate in long-range transport (d'Almeida and
Schiitz, 1983). Wind patterns over the deserts affect both aerosol production and
transport into the atmosphere. The prime candidates for providing crustal aerosols in
Antarctic ice sheets are the Kalahari (south Africa) and Atacoma (south America) deserts
and the deserts of central and western Australia (Shaw, 1989). Results from a modeling
effort using the Atmospheric General Circulation Model (AGCM) showed that dust
contribution to West Antarctica, where Byrd Station is located, is dominated by Australia
and South America during the austral summer season and by Australia during the austral
winter season for the present day conditions (Gaudichet et al., 1992).
Since the increasing crustal aerosol concentration trend observed after 1980 is
quite monotone, it seems more likely that this reflects changes in production rather than
transportation. It is somewhat unlikely that the transportation efficiency would be
increasing continuously over the last decade. It also seems unlikely that the local aerosol
source strength would increase in this way. Therefore, the remaining possibility of
increasing aerosol source strength in the distant Southern Hemisphere land areas seems
likely to be the reason. After the major 1982-83 ENSO event, the changing weather
patterns in the Pacific created large scale droughts in parts of Australia, Indonesia, South
America, and Africa, as well as disastrous forest fires in Indonesia and Australia (Wallace
and Vogel, 1994). Considering the frequent ENSO events over the last two decades, it is
highly likely that enhanced aerosol production could be caused by increasing erodable soil
areas, mainly due to the desertification of inner land areas and sea level drop in the
Western Pacific region during ENSO events. In addition to the changes in aerosol source
strength, changing weather patterns (Wallace and Vogel, 1994) also might have affected
the transport of these aerosols. However, it is not known with certainty whether or not
these weather pattern changes affected the aerosol transport over the Antarctic ice sheet.
It was the general assumption until recently that crustal aerosols were produced
larger than several tenths of a micrometer, and most of the measurements in deserts and
arid land areas have been designed for those sizes (Jaenicke, 1993). One of the reasons
for this assumption was the impracticality of smaller size particle production by physical
weathering processes (Shaw, 1989). In addition, the domination of particle mass
distribution by larger particles (Gomes and Gillette, 1992) attracted more interest for their
measurement, so that approximate mass deposition fluxes could be obtained. However, it
was suggested later that dissolution of water-soluble minerals might reduce the size of
particles (Schroeder, 1985), and particles of radii as small as 0.01 pm with frequent
number distribution peaks below 0.1 pm were measured (Junge, 1977; d'Almeida and
Schiitz, 1983). It was reported that background aerosol originating from the continents
dominates the aerosol load in the middle and upper troposphere almost globally, and it has
the size range of 0.03 pm to 20 gm (Junge, 1977). On the other hand, marine aerosol is
removed efficiently over the oceans due to the high humidity and cloudiness together with
its high solubility (Junge, 1977).
As mentioned before, a certain amount of mixing occurs between the upper
troposphere and lower stratosphere. Therefore, it is possible that some of the crustal
aerosol in the upper troposphere might mix into the stratosphere during its transport to the
Antarctic. The residence times of aerosols in the upper troposphere and stratosphere can
be up to a month or a year, respectively (Barrie, 1985), and are long enough for long-
range transport of these aerosols into the Antarctic atmosphere. This possible
stratospheric residence of crustal aerosols brings up the question of whether or not there
might be some impact on the heterogeneous chemistry of the stratosphere due to the
increasing crustal aerosol concentrations. One important and famous example of the
heterogeneous chemistry is the spring-time stratospheric ozone depletion mechanism in
Antarctica. Following this example, the annual average ozone concentrations
homogenized between the 600 S and 900 S latitudes from the Total Ozone Mapping
Spectrometer (TOMS) ozone data set provided by NASA Goddard Ozone Processing
Team were retrieved for the period between 1979 and 1989. Figure 3.13 shows the time-
series trends of ozone and aluminum concentrations between 1979 and 1989. The reason
to start with the year 1979 is the lack of satellite measurement data for globally averaged
values prior to this date. However, land-based measurements for the Antarctic spring time
ozone concentrations did not show a trend prior to late 1970's (Bojkov, 1986).
Interestingly, a strong negative correlation (-0.9) exists between these two parameters and
the linear regression lines fitted to the data have very close slopes with opposite signs (-
4.4 for ozone and +4.8 for aluminum). Although the short time period (11 years) prevents
drawing a strong conclusion from this correlation, it is worth thinking about this result in
light of the recent findings about the importance of heterogeneous chemical processes,
mainly due to the formation of polar stratospheric clouds (PSC), on the formation of the
Antarctic ozone hole. General information about the ozone depletion mechanisms is
summarized in Appendix E.
Aerosol concentrations in the stratosphere are much lower than those of the
troposphere. The most abundant aerosol type in the stratosphere is sulfuric acid solution
droplets, which are formed by the condensation of sulfuric acid gas that is produced from
highly available sulfur dioxide gas through photochemical reactions (Hamill and Toon,
1991). These sulfate aerosols, with diameters around 0.14 gm, contain approximately 25
% water and 75 % sulfuric acid and are believed to be in a supercooled liquid state. In
addition, particulate material of natural and anthropogenic origin can also penetrate to the
stratosphere from the troposphere and outer space. Among the terrestrial aerosol sources,
strong volcanic explosions are best known for their high gaseous and particulate matter
injection capability into the stratosphere. In a similar way, particulate material originating
from the ablation of meteorites entering the earth's atmosphere is assumed to be the major
CA
E
E
0661
0
6861
S
L961
E
S861
0
t861 ct
ES61 E--C•,,
Z6 0
1f861 L -
0
O%61 c, oCo
6L61
SL61
!s
0 0 0
n 0 In 0 o
n; CN CN4 V-"
[a!o-B/Bu] pup [Ilufl uosqoG]
extraterrestrial source contribution to the stratosphere. However, information about the
stratospheric particulate material composition is limited due to the complexity of sampling
at those altitudes, together with the very low concentrations and small sizes of particles.
If the increasing crustal aerosol deposition trend observed in these Antarctic ice
samples is an indication of increasing production and transport from the mid-latitude
regions through the upper and middle tropospheric layers as discussed earlier, it might be
possible for some of the smaller size aerosols to penetrate into the stratospheric layers and
participate either in the nucleation processes to form the polar stratospheric cloud particles
(PSC) (see Appendix E) or directly in the heterogeneous reaction mechanisms. This
participation might be in different ways, such as nucleating sulfuric acid and water vapor
as sulfuric acid solution droplets or frozen particles, nucleating water ice particles,
nucleating nitric acid trihydrate (NAT) particles (see Appendix E), or catalyzing
heterogeneous reactions directly on the particle surfaces.
It was already suggested that heterogeneous reaction mechanisms at mid-latitude
stratospheric regions are likely to be responsible for the observed ozone depletion trends
after large scale volcanic eruptions. For example, column NO2 depletion was observed at
northern mid-latitudes during the winter of 1982-83, following the eruption of El Chich6n
in Mexico (Hofmann and Solomon, 1989). Similarly, low stratospheric ozone levels were
observed in the mid-latitudes in the months following the eruption of Mount Pinatubo in
Philippines (Grant et al., 1992). One example of volcanic impact on the polar regions is
the observed ozone reduction simultaneously with higher aerosol concentrations in the
lower stratosphere in Antarctica after the August 1991 eruption of Mount Hudson in Chile
(Hofmann et al, 1992). However, outside the polar caps, the temperature in the
stratosphere seldom drops below -63 'C, which is considerably warmer than the PSC
formation temperatures by known mechanisms (Garcia, 1994). Therefore, some other
mechanisms must exist for the observed ozone depletion events due to heterogeneous
processes.
An attractive possibility is PSC formation at higher temperatures due to interaction
with other solid particulate matter. It is already known from the tropospheric cloud
formation mechanisms that cloud droplets can stay in a supercooled liquid state at much
lower temperatures than the freezing point unless they are activated as ice nuclei (Barrie,
1985). This activation mechanism is known to be selective since only some of the cloud
droplets become ice nuclei and can form snowflakes through condensation growth (Barrie,
1985). It is also known that clay minerals covered with soluble sulfur particles are the
most efficient ice nuclei starters (Kumai, 1976). They cause ice nuclei formation either by
acting as nucleation particles or by causing ice shattering when they come in contact with
supercooled droplets (Beard, 1992). In addition to increasing heterogeneous reactions,
these aerosols can cause increasing denitrification and dehydration of the stratosphere
through sedimentation of large cloud droplets or frozen particles due to selective
condensation growth process, thus causing further ozone depletion due to the reasons
discussed in Appendix E.
Another impact of the increasing crustal aerosol production and the subsequent
deposition on the oceans might be on the organic sulfur production in oceans due to
increasing marine biological activity. Iron is known to be essential for the growth of
microorganisms in the oceans, and aeolian mineral dust is the principal source of marine
iron in many areas (Idso, 1992). Recently it was suggested that iron and sulfur cycles in
both the atmosphere and the ocean may be closely coupled (Zhuang et al., 1992).
Although the relationship between marine biological activity and the sulfur production rate
is not fully understood (Charlson et al., 1987), it is safe to assume that the net sulfur
emission to the atmosphere will be affected. For example, it was pointed out that sulfate
and methanesulfonic acid (MSA), the two oxidation products of dimethylsulphide (DMS),
both decreased in concentration during the transition from the last ice age to the present
interglacial, possibly because of the decrease in atmospheric dust loads and subsequent
reduction of iron delivery to the oceans (Idso, 1992). Furthermore, these authors pointed
out the strong dependence of cloud-condensation nuclei (CCN) formation over the oceans
on the dimethylsulphide production by the marine planktonic algae, and its importance on
the cloud albedo and climate.
3.2.4. The Volcanic Aerosols
In this section, after a short review about current knowledge, the overall
characteristics of the anomalous elemental enrichment episodes and their possible
relationship to volcanic emissions will be discussed. This will be followed by a discussion
of possible volcanic signatures in a group of specifically chosen samples from certain dates
with suspected or known volcanic activity (see section 2.1.1). Finally, a discussion about
the possibility of volcanic impact on a previously observed rare earth element (REE)
enrichment episode (Keskin et al., 1992) (see section 2.1.1) will be presented.
The impact of volcanic emissions on the total atmospheric aerosol budget has long
been recognized and became clearly evident after the recent volcanic eruptions of El
Chich6n (Mexico, 1982) and Mount Pinatubo (Philippines, 1991), whose effects were
extensively examined (e.g., Kotra et al., 1983; Woods et al., 1985; Wallace and Gerlach,
1994). Depending on the type and strength, a volcanic eruption event can affect
atmospheric composition on a local, regional, or global scale (Buat-Menard, 1990).
Large-scale eruptions inject volcanic gases (mainly sulfur dioxide and halogenated acids)
and dust (generally silicate ash) into the stratosphere in which they often remain suspended
for several weeks to several years (Cadle et al., 1976). A major increase in atmospheric
dust content has a serious effect on the climate by changing the atmospheric albedo
(Rampino and Self, 1982). It is now believed that even small-scale eruptions disturb the
global budgets of sulfur and some volatile heavy metals and metalloids to a considerable
extent (Buat-M6nard, 1990). The determination of volcanic contributions is also needed
to accurately assess the anthropogenic contributions because the enrichment mechanism of
volatile elements on volcanic aerosols is similar to that occurring on anthropogenic
aerosols produced by high-temperature industrial activities (Buat-Menard, 1990).
As explained earlier, polar ice sheets contain and preserve atmospheric substances
in their strata by wet and dry deposition mechanisms. In recent years, many volcanic
eruption horizons identified in deposited ice layers were recognized by their high sulfate
concentrations (converted from sulfur dioxide) (see Moore et al., 1991; Dai et al., 1991;
Delmas, et al., 1992; Langway et al., 1994; Langway et al., 1995). However, possible
nonlinearities between the scale of an eruption and the amount of sulfur dioxide gas
released was recently pointed out (Bluth et al., 1993; Williams, 1995). Although trace
element compositions of volcanic plumes and ashes were determined for some volcanoes
(Phelan et al., 1982; Zoller et al., 1983; Phelan-Kotra, 1983; Olmez, et al., 1986; Kyle and
Meeker, 1990; Dunbar and Kyle, 1990), understanding of the trace element contribution
to the ice sheets from volcanic activity is still limited. Sampling results by these authors
showed that the elements fluorine, sulfur, chlorine, chromium, cobalt, copper, zinc,
arsenic, bromine, molybdenum, indium, antimony, cesium, tungsten, gold, mercury,
cadmium, iridium, and selenium are generally highly enriched in plume and ash samples.
However, it has been established that the composition of volcanic plumes can vary with
time even for the same volcano (Buat-M6nard, 1990), and this complicates the
determination of a definite signature for a given volcano.
In the previous sections marine and crustal enrichment factors (EF) were examined
for the elements measured in this work. The results indicated that most of the elements
are mainly of crustal origin, while some others are mainly of marine origin. The remaining
group of elements that has high marine and crustal EF's should have additional sources.
These elements are chromium, zinc, arsenic, molybdenum, cadmium, and antimony.
However, as can be seen from Table A.1 in Appendix A, molybdenum, and cadmium have
low observation frequencies and high measurement uncertainties. Among the rest of the
enriched elements, antimony and arsenic show the distinct trend of decreasing crustal
enrichment factors, especially after the 1950's, in addition to their overall correlation
(Figures 3.14 and 3.15). This behavior rules out anthropogenic contribution as the main
source for these elements.
The most likely natural source category seems to be volcanic emissions, since it
was already mentioned that these elements are highly enriched in volcanic emission
plumes. Also, no observed signature exists to indicate any significant extraterrestrial
contribution to the observed trends. Although the annual number of large-scale volcanic
eruptions seems constant throughout the last two centuries (Simkin, 1994), it is likely that
the early records are not complete and some of the eruptions at remote locations, such as
Antarctica, were missed. Therefore, more active volcanism (at least locally) could be
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responsible for the observed EF's of antimony and arsenic (called volcanic marker
elements (VME) in the rest of the discussions) in the pre-1950 era.
It should be mentioned that there are other elements (e.g., selenium, indium) highly
enriched in volcanic emission plumes that can be used as marker elements. However,
some of these elements had near or below detection limit concentrations for the analytical
technique used in this work (INAA), and the number of measurement results with low
enough uncertainty levels were limited. Remember that in section 3.2.1 the Cl/Na ratio
was also found higher in the pre-1940 samples as a sign of possible larger volcanic
emission contribution to the annual chlorine concentration budget. If the aluminum
concentration distribution is assumed uniform in an annual deposition sample (which is not
realistic), an approximate correction to the Nalq concentrations can be made so that Cliq-
to-(Nalq)X ratio can be calculated. This calculation gives 2.7±0.1 and 2.4+0.4 for pre- and
post-1940 periods, respectively, which do not seem very different. However, as explained
before, Cl, and Naiq concentrations were measured in very small samples which cannot
fully reflect the annual trends, and these results should be taken as informational values.
In spite of this uncertainty, ratios much higher than that of sea water (1.8) are likely to
indicate extra chlorine contribution from volcanic emissions.
Significant enrichment episodes of VME's were observed in six specific years in
this work. In addition, one of these episodes (1948) was followed by enrichments of rare
earth elements in the subsequent two years. The crustal Enrichment Factors (EF,) of these
enriched elements at the time of the observed signal are summarized in Table 3.5.
The first VME enrichment episode occurred at 1969 together with an enrichment
of Br. However, the marine Enrichment Factor (EFm) of Br is 0.9+0.2, which indicates a
marine source contribution. The combination of these enrichments might indicate a
specific type of volcanism (submarine) of possible local origin. Among the recorded
volcanic eruptions (Simkin et al., 1981) one possible candidate seems to be the 1969
eruption of Deception Island Volcano (62.93 S and 060.57 W) in Antarctica. This was
recorded as a "subglacial" and "explosive" eruption that indicates a sudden release of
water along with other gaseous and particulate material (Simkin et al., 1981). The
volcanic explosivity index (VEI) (Newhall and Self, 1982) for this eruption was three
Table 3-5. The crustal Enrichment Factors of the enriched elements in suspected
volcanic eruption horizons.
EF Date of signal [A.D.]
1969 1950 1949 1948 1940 1870 1822 1791
Sb 7950 46650 98150 31100 18900 23550
+1280 ±28480 ±36150 ±9000 ±3800 ±9800
As 60 300 400 150 100 95
±15 +190 ±150 ±50 ±25 ±40
La 20 91
±2 ±15
Ce 19 88
±2 ±14
Sm 13 63
±2 ±11
which is a moderate to large scale emission with potential stratospheric injection. The
observed increase of Br and Na, concentrations, while their ratio is similar to that of the
sea water, might be due to the interaction of ejected hot material and the surrounding
ocean that might enhance marine aerosol production. Even though this volcano is quite
close to Byrd Station, no significant sulfate signal that coincides with this year was
observed in the ice core used in this work (NBY-89) (Langway et al., 1994). However, a
further examination of the data provided by Langway and Osada (personal
communication) showed that there is approximately a three fold increase on the excess
sulfate (non sea-salt origin) for a short period during the 1969-70 transition that might
have originated from the Deception Island eruption. The observed delay in the occurrence
of the sulfate peak might be due to the time necessary for the sulfur dioxide-sulfuric acid
conversion and deposition processes.
Another observed signal that might be related to this eruption comes from an ice
core drilled in East Antarctica (G 15) in 1984 (Moore et al., 1991). The continuous
conductivity measurements on this 100 m long ice core revealed a very sharp peak that
coincided with the 1969-70 horizon. These authors suggested that the characteristic of
this peak points out a local non-stratospheric eruption, most likely the Deception Island
Volcano in the Antarctic Peninsula. This conclusion is in good agreement with this
paper's conclusion, and the signal in 1969 is almost certainly come from the Deception
Island Volcano. The reason that this eruption was not observed in ice cores from the
Antarctic Peninsula, much closer to the eruption, was suggested to be related to the wind
patterns that transported the eruption plume to Antarctic ice sheets (Moore et al., 1991).
It was also mentioned that (Boutron, 1980) no other eruption occurred at
Deception Island between 1842 and 1967, except for five successive major eruptions
between 1912±5 and 1917±3, as revealed by the study of the successive pyroclastic
deposits in local ice (Orheim, 1972). Since only three samples were analyzed between
1907 and 1920 in this work (1907, 1913, 1919), and none of them showed any significant
signal, it is not possible from this work to understand whether the elemental compositions
of different eruptions are similar to each other or not.
One interesting result that is worth mention is the lack of any elemental enrichment
signal related to the prominent and well-recorded acidity signal of the Mount Agung
(08.342 S and 115.508 E) volcanic eruption (VEI=3) in 1963 (e.g., Moore et al., 1991;
Langway, Jr. et al., 1994). One explanation might be the distance of the eruption from the
central Antarctic ice sheets and the different transport properties of the gaseous and
particulate substances that eventually cause the acidity or elemental concentration
enhancements in the ice sheets. While it is more likely for gaseous sulfur dioxide to be
elevated up to the stratosphere and transported into the Antarctic atmosphere, it may not
be easy for particulate species to escape removal in the troposphere for a moderate to
large scale eruption.
The second VME enrichment episode was observed in 1948 followed by very high
REE enrichments in 1949 and 1950. In addition, the zinc enrichment was moderately high
during this three year period while the Br enrichment was moderately high in 1948.
Similar to the previous signature, the Br-to-Nas ratio (0.007+0.003) is close to that of sea
water (0.0062), which again might indicate a specific type of volcanism of local origin.
Among the recorded volcanic eruptions (Simkin et al., 1981), one possible candidate is
the 1947 eruption of the Mount Erebus Volcano (77.58 S and 167.17 E) in Antarctica.
This was recorded as an "explosive" eruption with lava flow (Simkin et al., 1981). The
volcanic explosivity index (VEI) for this eruption was two which is a moderate scale
eruption with no stratospheric injection. Similarly the observed increase of Br and Na,
while the Br-to- Na. ratio stayed close to that of sea water, might originate from the
interaction of ejected hot material and the surrounding ocean as explained before. The
highest enrichments of VME's and REE's were observed in 1948 and 1949, respectively
(Figures 3.14 and 3.16). This lag time in the peak enrichments might result from the
different physical properties of these elemental groups. While the VME's are quite
volatile, this is not the case for REE's. Therefore, the release of volatile elements might
have begun earlier with non-explosive fumarolic activity, while that of the refractory
elements might have intensified only when the explosive eruptions started. However, one
cannot rule out the coincidence of two different events that follow each other. There is no
regular observational information regarding the volcanic activities in Antarctica prior to
1956 (Boutron, 1980) which makes it difficult to reach a final conclusion.
It was previously suggested that concentration ratios of certain elements, such as
REE's, in volcanic emission plumes might be used to characterize certain groups of
volcanoes (Palais and Mosher, 1989). However, the results of a study to characterize the
plume composition of the Mount Erebus Volcano (Kyle et al., 1990) indicated that the
elemental concentration ratios were not constant even on a day-to-day basis. Therefore, it
is not possible to make any concrete identification on the basis of the elemental
enrichments that coincided with this episode. Although sulfate and conductivity
measurements did not indicate any significant signal for these years in the NBY-89 ice
core (Langway et al., 1994) and others from Antarctica (e.g., Moore, 1991; Delmas et al.,
1992), Mount Erebus Volcano cannot be ruled out as a candidate for this episode.
The third VME enrichment episode was observed in 1940. This event is the
strongest and longest (1937-44) one in the continuous annual sampling period (1926-
1989) of this work. In addition, chromium, bromine, sodium, and chlorine were also
enriched significantly. As mentioned in section 3.2.2, 1939-40 was the time of one of the
strongest El Nifio events in this century, and the observed sodium, chlorine, and bromine
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enrichments probably resulted from this event. One strong candidate for the observed
VME's peak is the 1937-43 eruptions of the Rabaul Volcano in Papua New Guinea
(04.271 S and 152.203 E). All were "explosive" eruptions with decreasing VEI's between
4 and 2 (Simkin et al., 1981). Although the distance from the Antarctic ice sheets is very
far, the strong scale and duration of eruptions with highly likely stratospheric impact could
allow aerosols from the eruptions to participate in long-range transport. In addition, the
coincidence of this event and 1939-40 El Nifio event might have increased the transport
efficiency of aerosols due to the changing atmospheric currents. As seen in Figure 3.14,
the 1940 enrichment peak is very sharp, while the others show more gradual behavior.
Moderate scale (VEI=3) 1938-40 eruptions of the Krakatau Volcano in Indonesia (06.102
S and 105.423 E) might have also contributed to this signal.
It is somewhat surprising for this scale eruption that no significant sulfate signal
was recorded in ice cores obtained from Antarctica (e.g., Moore, 1991; Delmas et al.,
1992, Langway et al., 1994) that coincide with these years. However, it was already
pointed out that (Williams, 1995) sulfur dioxide released from the 1994 eruption of the
Rabaul Volcano was surprisingly low for its class (only 0.5 % of the 1991 Pinatubo
eruption), which might also be the case for 1937-43 eruptions.
The remaining VME episodes observed in 1870, 1822, and 1791 occur in the time
period (1711-1926) that has sparse data. Therefore, it is not possible to be sure whether
these signals show the year of peak deposition. The signal in 1870 might be part of the
signal from the listed 1871±40 eruption of the Deception Island Volcano dated by
tephrochronology (Simkin et al., 1981). However, no more information is available about
this eruption. No large scale (VEI 2 4) eruptions within the Southern Hemisphere are
listed around this date (Newhall and Self, 1982), and further comment on this signal is
difficult.
The signal in 1822, combined with the results of the analysis (Table C.2 in
Appendix C) of two other specifically chosen samples from 1819-20 and 1820-21 (see
section 2.1.1), indicates a possible volcanic event between 1820 and 1822. In a study to
characterize the morphological properties of microparticles recovered from a South Pole
ice core's suspected volcanic activity horizons (Palais et al., 1989), results showed good
agreement between microparticles from an approximately dated 1816-21 layer and tephra
known to be from Deception Island Volcano (Orheim, 1972). Therefore, it is likely that
this signal originated from another eruption of Deception Island Volcano. However, the
observed zinc enrichment is much higher than that of the 1969 signal. Although no
significant sulfate signal is observed in Antarctic ice cores for this time, another potential
source listed in literature (Simkin et al., 1981) is the very large scale (VEI=5) 1822
eruption of the Galunggung Volcano in Java (07.25 S and 108.05 E).
The 1791 signal does not coincide with any recorded large scale volcanic activity
listed in the literature (Newhall and Self, 1982). It probably originated from a local
volcano.
As mentioned at the beginning of this section, eight separate samples were selected
from certain dates with suspected volcanic activities (see section 2.1.1). However,
because of the prior use of some of the samples that coincided with the exact dates of the
eruptions, samples closest to those dates were selected. The elemental concentrations
measured in these samples are given in Table C. 1 in Appendix C. Four of these samples
(1882-87) coincided with the eruptions of Krakatau Volcano in Indonesia (06.102 S and
105.423 E) and Tarawera Volcano in New Zealand (38.229 S and 176.508 E) in 1883-84
(VEI=6) and 1886 (VEI=5), respectively. The Krakatau eruption is universally observed
in both Antarctic and Greenland ice core sulfate and conductivity records (e.g., Delmas et
al., 1992; Crowley et al., 1993; Langway et al., 1994), while the Tarawera eruption signal
is resolved in some of the Antarctic ice core records (e.g., Moore et al., 1991). The
sulfate peak caused by the Krakatau eruption was observed in the 1884 ice layer (21.65-
21.89 m) of the NBY-89 ice core (Langway et al., 1994). Among the four samples
analyzed in this work, the sample from 1885 (21.53-21.70 m) shows the highest
enrichments for the elements arsenic, bromine, chromium, and zinc, while the sample from
1886 (21.38-21.53 m) shows the highest enrichments for the elements antimony and
cadmium. Among these elements, zinc, bromine, and cadmium have the highest
enrichments observed among the more than one hundred samples analyzed in this work.
This indicates the impact of a very special event, possibly the Krakatau eruption. The
difference between the observance of a sulfate peak and elemental enrichment peaks is
related to the physical and chemical properties of aerosols and individual elements, as they
define the transport and deposition efficiencies. One interesting point is that the VME's
do not show unusually high enrichments as would be expected from eruptions of these
scales.
Another group of two samples (1819-21) was chosen from the years following the
eruption of Tambora Volcano in Lesser Sunda Island (08.25 S and 118.00 E) in 1815
(VEI=7, highest listed in the last five centuries). This eruption is also universally observed
in both Antarctic and Greenland ice core sulfate and conductivity records (e.g., Moore et
al., 1991; Delmas et al., 1992; Crowley et al., 1993; Langway et al., 1994). The sulfate
peak caused by this eruption was observed in the 1816 ice layer (28.50-28.90 m) of the
NBY-89 ice core (Langway et al., 1994). Among these two samples the 1819/20 sample
did not indicate any enrichment signal, possibly because of the four years passed after the
Tambora eruption. However, the second sample from the 1820/21 layer showed
significantly higher enrichments than the first one. Possibly this signal is related to the
higher 1822 signal discussed previously.
The remaining two samples (1645-47) were chosen to coincide (as close as
possible) with an unknown sulfate signal observed in 1648 in the NBY-89 ice core
(Langway et al., 1994). These samples showed very high zinc but no significant VME
enrichments. Therefore, it is difficult to claim a volcanic event from the elemental
concentrations obtained in this work.
As mentioned at the beginning of this section, in a preliminary study (Keskin et al,
1992) a specific REE enrichment signal was identified in a layer between 89.02 and 89.17
meter depths. Twelve more samples were obtained between the depths 88.15 and 89.51
meters continuously to locate the peak position of this signal (concentrations and EF's are
given in Table C.3 and C.4, respectively, in Appendix C). The results indicated a
moderate enrichment of REE's and VME's in 1341 A.D. and 1340 A.D. respectively.
This signal is quite similar to that of the 1948 A.D. signal discussed earlier, except that the
scale of the enrichments are an order of magnitude smaller for both groups of elements.
Therefore, the local Mount Erebus Volcano might be a candidate for this signal.
3.2.5. The Anthropogenic Aerosols
As mentioned in the first chapter, one of the goals of this work was the
understanding of whether or not a detectable anthropogenic contribution to the elemental
concentrations levels found in Antarctica exists. The 278 year-long ice core record (1711
A.D.-1989 A.D.) obtained in this work is long enough to determine the average pre-
industrial and modem era elemental concentration levels for comparison. However, one
complication to this characterization comes from the contribution of volcanic emissions,
whose enrichment mechanisms of volatile elements on released aerosols are similar to that
occurring on anthropogenic aerosols produced by high-temperature industrial activities
(Buat-M6nard, 1990). Therefore, an accurate determination of volcanic contribution to
the total concentrations observed is an important and necessary task. Unfortunately, this
task is not easy as volcanic contributions are sporadic in nature, different in strength, and
inhomogeneous in aerosol composition. Another complication is the lack of information
about the stability of weather patterns throughout the last three centuries as they affect the
transport of aerosols from continental areas to the Antarctic ice sheets.
In a simple way, the time-series trends of the excess elemental concentrations that
are assumed to come from volcanic and anthropogenic sources can be obtained by
subtracting the crustal and marine contributions from the measured concentrations. For
this purpose, crustal and marine contributions were calculated by using the standard
concentration ratio of the element of interest to aluminum in crust (Taylor, 1972) and sea-
salt sodium (Na.) in sea-water (Goldberg, 1963). The resulting concentrations should
show the contribution from volcanic and anthropogenic emissions in an approximate
manner. Among the elements examined, arsenic, zinc, and chromium, which are known to
be enriched in emissions both from volcanic and anthropogenic sources seem to deserve
further discussion.
As seen in Figure 3.17 antimony concentrations show a decreasing trend after the
1950's, which was assumed in Section 3.2.4 to indicate the decreasing impact of volcanic
emissions. However, the excess (crustal and marine contribution corrected)
concentrations of arsenic do not show a significant change (Figure 3.18). Since arsenic is
also one of the marker elements used to characterize volcanic emissions, it is expected that
it would also show a decreasing trend. Therefore, in a qualitative sense this behavior
indicates an increasing anthropogenic contribution after the 1950's, which is possibly the
beginning of large scale industrial activities in the Southern Hemisphere. Increasing
concentration trends are somewhat more apparent for zinc and chromium in recent years
(Figures 3.19 and 3.20). Using the same argument, these trends are likely the result of
increasing anthropogenic emissions. To get an approximate quantitative sense about these
trends, the average concentrations were calculated in three time periods (1711-1901,
1907-1950, 1951-1989), and percent changes relative to the 1711-1901 time period were
calculated (Table 3.6). In these calculations, the years with unusual episodic behavior
were eliminated.
Table 3-6. Percent average concentration changes for Sb, As, Zn, and Cr
relative to the 1711-1901 time period.
Element 1907-1950 1951-1989 Years ignored
Sb +31 -47 1822, 1870, 1940
As +80 +45 1822, 1870, 1940, 1944, 1945
Zn -32 +28 1799, 1822, 1949, 1950, 1951, 1985
Cr +28 +155 1939, 1940, 1970, 1979
In a recent study, lead, cadmium, copper, and zinc concentrations were measured
(Gbrlach and Boutron, 1992), and no significant increase was observed between 1940 and
1980 with the possible exception of lead for which a significant increase seems to have
taken place after the mid 1960's in Antarctic snow samples from Adelie Land, East
Antarctica. However, since the rate of change is likely to be less within this time interval
compared to that of the time interval examined in this work, it might have been more
difficult to observe any possible change. Otherwise, some increase in the concentrations
of anthropogenic elements is expected even if on a very small scale. Among the
anthropogenic source regions of the Southern Hemisphere, the coast of Peru was
identified as a substantial source of copper, zinc, arsenic, and lead concentrations that are
ri - -
[eo!-6/,u] uO!JBiJuoGOUo
a6ý
ca v;
C
C
cjp0
o
C)
QQ
0 0
- -
CO
0o
o
6E
ado
DD*II
e•
o 0 0 0 0 0 oa
[oo!-5/6u] uo!leJ1uO3UOO
0 0
0 0
0V 0O \0w(14 0
[eo!-616u] uo!LeJlu93uoo
0~0C3 -5a,
0
01E
ol,I
E
·s
om00Cz~
0:
0s
0
[eo!-6/6u] uo!le1lueouoo
[ 1 u u o r-.q
thought to be related to the large emissions of the extensive mining and smelting industries
in that region (Raemdonck et al., 1986). In addition, human activities in manned scientific
research stations in Antarctica are suspected to be an additional source for some elements
in recent years (Boutron and Wolff, 1989).
An attempt has been made to calculate the approximate natural background
elemental concentration levels within the pre-industrial (1711-1901) era. These values
were obtained from the frequency distributions of the elemental concentrations within this
era. The most probable values of the distribution curves were chosen as the background
values due to the reasons explained in section 3.3 and the results are given in Table 3.7.
Table 3-7. Calculated natural background concentrations.
Element Concentration Element Concentration
[ng/g-ice] [ng/g-ice]
Na 23 Mn 0.05
Mg 2.4 Fe 3.6
Al 4.4 Zn 0.9
Cl 50 As 0.001
K 2.2 Br 0.009
Sc 0.0001 Sb 0.019
Ti 1.0 La 0.001
V 0.01 Ce 0.001
Cr 0.23
3.3. Source Characterization
3.3.1. Source-Receptor Relationship
One can define aerosol production, transport, and deposition mechanisms as part
of an integral system. A simplified overall picture of this system can be given, as in Figure
3.21. Here, the receptor site is the location of sample collection, and the sources are
continental regions, oceans, volcanoes, and possible others. The transfer functions contain
information about factors that affect the transport of aerosols from production sites to the
deposition site. Some of these factors are transport distance, wind trajectory, transport
altitude, and chemical / physical processes. For example, as discussed in section 3.2.1,
marine aerosols released from the oceans may not have the same composition when they
arrive at the deposition site after a long transport because of the loss of chlorine due to
some chemical reactions during the transport. Another example is the size segregation of
aerosols during long-range transport that might change the original aerosol composition,
since some elements are preferentially contained in smaller or larger aerosols. However,
knowledge about these transfer functions is far from complete due to the unpredictability
of atmospheric processes or a lack of understanding about some mechanisms. In addition,
knowledge about these sources, their strengths and compositions is also limited, since the
system covers almost all of the Southern Hemisphere and, in some cases, the whole globe
as possible source regions. Therefore, the only other alternative for identifying sources
with a significant contribution to the aerosol composition in Antarctica is to use
multivariate statistical analysis techniques, such as Principal Component Factor Analysis.
Transfer function 1
Transfer function 2
Figure 3-21. Schematic of source-receptor relationship.
3.3.2. Principal Component Factor Analysis
Principal Component Factor Analysis (PCFA) is a multivariate statistical analysis
technique for the interpretation of large data sets. Today this and similar techniques are
increasingly being used in environmental sciences (e.g.,Okamoto et al., 1990; Artaxo et
al., 1992; Olmez et al., 1994), as well as other branches of science. Part of this increase is
due to the availability of fast measurement techniques for obtaining large data sets and the
advancement of computational power within the last few decades. The PCFA is
performed to identify possible correlations among variables of a data set, and its success
is closely dependent upon the number and accuracy of observations of the variables. In
this work, the variables are the elements, and the observations are the annual average
concentration measurements of them. The mathematical background of this technique is
given in Appendix D.
The PCFA was applied to 97 individual concentration measurement results for 14
elements. Prior to the analysis, the summary statistics for each element were obtained
from StatgraphicsTM version 6.1 statistical analysis package, and these results are given in
Table A.2 in Appendix A. The first consideration was the treatment of missing values for
some elements with concentrations close to the analytical detection limits. Since the
success of the PCFA technique depends on the completeness and accuracy of a data set,
this step was necessary before starting the analysis. For this purpose, the number of
missing values for each element was determined from the summary statistics, and only
elements with less than 25 % missing data were accepted for the analysis. In addition,
elements with high uncertainties were excluded from the analysis. The first step in the
treatment of missing values was the determination of the frequency distribution
characteristics of the measured elemental concentrations. Results showed that the
frequency distribution function for each element is close to logarithmic. This behavior is
expected since most of the time concentration values should be close to background
values due to dilution effect, and higher values should be observed only due to the specific
contributions from various sources for limited durations (Ott, 1990). The next step was to
find the most probable concentration values for each element to replace the missing
values. They were obtained from the frequency distribution curves and are given in Table
A.5 in Appendix A.
After the treatment of missing values, the raw data matrix containing elemental
concentration values for 97 samples, was entered into the factor analysis program within
the statistical analysis package StatgraphicsTM version 6.1. The necessary options were
chosen to standardize the data matrix, not to change the diagonal elements of the
correlation matrix with the estimated communalities (principal components analysis), and
to rotate the factor matrix using the varimax method. The mathematical details of these
options are explained in Appendix D. After the first run, factor scores were plotted for
each factor, and samples with factor scores above six (standardized factor score value)
were excluded in the next run. Note that the factor score of a sample for a specific factor
represents the relative contribution of that factor (source) to the sample. Since the
standardized factor scores were determined by subtracting the average value from each
raw score, and dividing the difference by the standard deviation of the scores, a sample
with a factor score greater than six would be affected six standard deviations more than
the average sample. However, since this kind of impact should result from a very specific
and rare event, exclusion of these extremes is preferred to prevent their dominance on the
overall analysis. Otherwise, this could affect the factor loadings and cause bias for the
overall correlations of the elements in a group. After this sample exclusion step (only
sample # 11IC5 was excluded), the new data matrix was entered into the program, and the
new results were analyzed in the same fashion. Since the new set of factor scores were
below the predefined limit six (Figures 3.22-3.25), the factor loading results were
accepted as the final values. Note that the standardized factor scores have the average
value of zero, and the negative scores show less than average relative contribution of the
associated factor to the related samples.
The final factor analysis results are summarized in Tables 3.7 and 3.8. Table 3.7
contains the communalities for each element, eigenvalues for each factor (source), percent
variance explained by each factor, and the cumulative percent variance. As can be seen,
four factors have eigenvalues above unity and they explain 63.1% of the variance in the
data set. As discussed in Appendix D, factors with eigenvalues below unity (average
value) are generally assumed to result from errors in the data set. Using the first four
factors, the varimax rotated (see Appendix D) factor loadings matrix in Table 3.8 was
obtained. Factor loadings with values above 0.3 were assumed significant and retained.
The elements in a factor with loadings above this value were considered to be coming
from a common source. Although no clear rule for determination of this cut point exists,
values between 0.25 and 0.50 were used in the literature for different applications (Olmez
et al., 1994).
Table 3-8. Factor analysis results for related parameters.
Element Communality Factor No Eigenvalue % variance % cumulative of
explained explained variance
Na 0.68 1 4.23 30.2 30.2
Al 0.58 2 1.95 13.9 44.1
Cl 0.69 3 1.53 11.0 55.1
K 0.31 4 1.12 8.0 63.1
Sc 0.63 5 0.92 6.6 69.6
Cr 0.52 6 0.81 5.8 75.4
Mn 0.41 7 0.73 5.2 80.6
Fe 0.45 8 0.68 4.9 85.5
Zn 0.39 9 0.57 4.1 89.6
As 0.30 10 0.51 3.7 93.2
Br 0.24 11 0.33 2.4 95.6
Sb 0.37 12 0.23 1.7 97.3
La 0.59 13 0.21 1.5 98.8
Sm 0.54 14 0.17 1.2 100.0
The elements aluminum, potassium, scandium, zinc, lanthanum, and samarium are
grouped together in the first factor, which explains the most variance of the data set. The
other factors follow the first one in decreasing order of importance for explaining the
variance. These elements are known to exist in crustal aerosols, and this factor implies a
crustal source for the observed concentrations of these elements. As discussed in section
3.2.3, the arid regions of Australia and South America are the likely candidates for the
crustal aerosol input into the Antarctic continent.
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The second factor shows sodium, chlorine, potassium, and chromium grouped
together. The first three elements clearly indicate a marine aerosol impact on the observed
elemental concentrations. Considering that Antarctica is surrounded by oceans, it is
certain that these oceans are the sources for these elements. Although chromium is not
enriched in the bulk of ocean water, its enrichment in the ocean surface microlayer and
attachment to sea-salt aerosols is a possibility.
Table 3-9. Factor loadings (after varimax rotation) and estimated communalities.
The third factor has significant loadings of manganese, iron, aluminum, and
moderate loadings of bromine, chromium, and scandium. Although most of these
elements are known to be mainly crustal in origin, the coexistence of bromine, which is
known to exist mainly in sea water is interesting. In recent years, an almost a near-total
depletion of the surface level ozone has been observed in the Arctic spring, coincident
with high atmospheric concentrations of inorganic bromine (Fan and Jacob, 1992). It was
previously suggested that the ozone depletion could be due to a catalytic cycle involving
the radicals Br and BrO (Barrie et al., 1988). This gas phase catalytic cycle is given as,
105
Element Estimated Factor No Factor No Factor No Factor No
communality 1 2 3 4
Na 0.72 - 0.77 - -
Al 0.69 0.52 - 0.64
Cl 0.84 - 0.91 - -
K 0.56 0.37 0.62
Sc 0.70 0.74 - 0.31
Cr 0.59 - 0.64 0.40
Mn 0.57 - - 0.74
Fe 0.59 - - 0.70
Zn 0.48 0.53 - - 0.42
As 0.63 - - - 0.79
Br 0.37 - - 0.49 0.36
Sb 0.69 - - - 0.82
La 0.78 0.86 -
Sm 0.62 0.76 - - -
Br + 03 * BrO + 0 2
BrO + BrO -- 2Br + 02 (i)
However, bromine is quickly converted to HBr, HOBr, BrNO3, and other brominated
organic compounds (BOC) by gas phase reactions with species such as HO2 and HCHO.
Therefore, the ozone destruction cycle would quickly be terminated (Fan and Jacob,
1992). Recently, it was proposed that the HBr and BOC's could be scavenged by the
ambient aerosols and ice crystals, and Br 2 could be released back through heterogeneous
reactions on these particles' surfaces (McConnell et al., 1992). Therefore, this cycling
would maintain sufficiently high levels of Br atoms and BrO radicals in the ambient air for
ozone destruction. These authors suggested that Br might be formed by the photolysis of
Br2(g), which in turn can be formed by the conversion of sea-salt derived Br- through
photoactivated reactions on aerosols and snow-packed surfaces. In the past, a possible
mechanism for this conversion was suggested as (Duce et al., 1965),
4Br- + 02 + 4H+ + hv -+ 2Br 2 + 2H 20 (ii)
Although the detailed sequence of the reaction (2) is not known, one of the suggested
mechanisms was given as (Carey and Langford, 1975),
Mn+Br 400nm (n-1)++
-Br M + Br"
2 Br' -- Br 2
2M (n- l )+ 102+ H+ -- 2M n++ OH- (iii2
where, M is a transition metal such as Fe(III), Mn(IV), or Cu(II).
In light of this information, the third factor that was mentioned before suggests a
similar transition metal catalyzed bromine production mechanism, and possible subsequent
ozone destruction in the Antarctic surface level ambient air. Since the aerosols and ice
crystals are eventually deposited onto the surface snow layers, these possibly crustal origin
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aerosols could also cause the deposition of some bromine together with some transition
metals. Therefore, the elements manganese and iron, which are grouped with bromine,
seem to be good candidates for the catalytic reaction (3). Since copper was not measured
in this work, it is not possible to comment on it. The possible crustal origin of these
aerosols might explain the existence of aluminum and scandium in this group. These
conclusions are partly supported by another study on South Pole aerosols (Tuncel and
Zoller, 1995) as it was found that particles reaching the South Pole during summer are
enriched in bromine, while no enrichment appears in the winter. This would require the
availability of a gaseous bromine reservoir during summer, which possibly could result
from the proposed reaction (3). In addition, these authors observed bromine in a factor
that also included manganese and iron. However, one difference comes from the
observation of moderate bromine loading in another factor with sodium and chlorine
(marine factor) in the South Pole aerosols study while its additional occurrence is in the
volcanic factor in this work. The reason for this difference is not clear at this time.
The fourth factor contains the elements antimony, arsenic, bromine, and zinc. As
mentioned in section 3.2.4, these elements are highly enriched in volcanic emission plumes
and are probably of volcanic origin. A similar factor for the elements antimony, arsenic,
and zinc was found in the South Pole aerosol study and was also suggested to be volcanic
origin (Tuncel and Zoller, 1995).
3.4. Air/Snow Partitioning
3.4.1. Current State of Knowledge
To this point, a clear distinction has not been made regarding the relationship
between the elemental concentrations measured in snow deposits and the ambient
atmospheric aerosol concentrations. To understand this relationship better, the details of
the aerosol air/snow partitioning processes should be examined. The importance of
making an accurate determination of the ambient aerosol concentrations stems from the
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fact that aerosols have an important place in the radiation balance of the earth/atmosphere
system (Pyle, et. al., 1988). Aerosols affect the radiation balance both through direct
interaction with incoming solar, and outgoing infrared radiation, and by indirect effects
due to their role in cloud formation processes. A direct effect of ambient aerosols on
surface radiation flux is caused by scattering, absorption, and emission processes.
However, the major effect of aerosols in the atmosphere is on cloud optical properties
through the cloud condensation nucleation processes (CCN), which in turn affect the
cloud/radiation interaction through changes in the drop-size spectrum, cloud lifetime,
cloud albedo, and in-cloud absorption (Ghan et al., 1990; Preining, 1991). The
cloud/radiation interaction was specified (Grassl, 1988) as one of the most important
processes in the climate system. It has been shown that the magnitude of the global cloud
albedo effect could be of the same order as the greenhouse effect on increased
carbondioxide (Twomey et al., 1984). Therefore, an accurate radiation budget calculation
depends strongly on the determination of aerosol characteristics such as number density,
size distribution, and chemical composition. Radiation balance and general circulation
climate models should be tested for past climatic changes to rely on their future
predictions. Because Antarctica is the largest sink for energy in the natural global system,
it plays a very important role in determining the climate balance over a large part of the
earth's surface (Simmonds, 1990). Any serious feedback mechanism, such as cloud
albedo forcing, must be treated accurately for realistic predictions. It is therefore
important to reconstruct the aerosol composition and number densities in past
atmospheres to be able to use them in these models.
A short review about the characteristics of polar atmosphere aerosols and
deposition mechanisms might be useful to understand the air/snow fractionation processes.
A more comprehensive topical discussion can be found in the literature (e.g., Junge, 1977;
Shaw, 1980; Davidson, 1989).
Aerosol size characterization studies showed that a bimodal size distribution exists
over the Antarctic ice sheets. Using multiwavelength optical measurements (Shaw, 1980),
the small and large modal diameters were found to be < 0.1 pLm and 0.28 ± 0.04 ptm,
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respectively. Results of the same work showed that the particle number concentration at
inland sites is dominated (96 %) by the small mode while particle mass is dominated (99.8
%) by the large mode. In another study (Dick, 1990), these bimodal sizes were found to
be larger for the Antarctic peninsula region which is close to the oceans and affected by
the large sea-salt aerosols. However, the South Pole measurements are more
representative of inland regions like Byrd Station. Sulfur was found to be the main
component (70-80%) of the Antarctic ice sheet aerosol mass (Cunningham and Zoller,
1981; Wagenbach et al., 1988). It is concentrated mainly in the Aitken particles (- 0.01
gtm diameter) and the accumulation mode particles (-0.1 to 1 Jtm diameters), which are
formed by the coagulation of Aitken particles due to Brownian motion. It is believed that
these Aitken particles are formed by gas-to-particle conversion of sulfur containing trace
gases that are released from oceans and industrial activities (Shaw, 1989). The lifetime of
these particles is only a few days because of coagulation, hence, these particles are
thought to be produced in situ over the ice sheet. Marine and crustal aerosols are found
mainly in the large mode; their properties were discussed previously in sections 3.2.1 and
3.2.3, respectively. The crustal aerosols play an especially important role in the ice phase
nucleation process in the Antarctic atmosphere in spite of their small mass fraction (- 5%).
It has been shown that the most common nuclei for snowflakes are clay minerals
originating from crustal source regions (Kumai, 1976), and also that crustal aerosol is
removed more efficiently than other aerosols (Cunningham and Zoller, 1981; Boutron,
1982). These ice nuclei generally satisfy the requirements of insolubility in water, are
large, have chemical bonding and crystallographic structures similar to those of ice, and
have certain topographic surface features (Hobbs, 1993).
The aerosol deposition mechanisms are classified into two main groups as the dry
deposition and wet deposition mechanisms. Dry deposition of aerosols onto the snow
surface includes gravitational settling, impaction, and diffusion mechanisms which proceed
regardless of the existence of precipitation. Among all processes, gravitational settling is
the most effective for large particles (> 20 jtm diameter) while diffusion is the most
effective process for small particles (< 0.1 itm) (Seinfeld, 1986); impaction affects the
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particles with diameters larger than 0.1 ýtm (Davidson, 1989). Wet deposition
mechanisms are separated into two main groups as the in-cloud and below-cloud
scavenging mechanisms (Junge, 1977). In-cloud scavenging processes include cloud
droplet nucleation, ice crystal nucleation, interstitial aerosol uptake, and riming of cloud
droplets. The below-cloud scavenging processes include sweeping of aerosols by falling
snow crystals by impaction and diffusion.
Among the various aerosol deposition mechanisms, the dry deposition and below-
cloud scavenging mechanisms are comparatively better understood and mathematical
models for these mechanisms have been developed (e.g., Junge, 1977; Ibrahim et al.,
1983; Noll and Fang, 1989; Dick, 1990; Frank et al., 1990; Miller and Wang, 1991).
Recently an increasing number of modeling efforts have been made for in-cloud processes
(e.g., Flossmann, 1991; B6hm, 1992; Tlisov et al., 1992; Qin, 1992; Schulist and Freeman,
1992), but success has been limited. Significantly, it has been observed and reported
(Shaw, 1980) that the in-cloud nucleation mechanism is responsible for more than 90% of
the total aerosol mass deposited onto the Antarctic ice sheets, and dominates the removal
of all particles from the atmosphere with diameters from about 0.2 to 10 .tm (Junge,
1977). Another model study (Dick, 1990) revealed that wet deposition processes are
responsible for removing more than 95% of the total atmospheric aerosols having
diameters between 0.3 and 2 km.
In summary, the apparent domination of aerosol deposition by in-cloud nucleation
mechanisms, and the lack of satisfactory understanding of these mechanisms so far
prevented the development of successful theoretical air/snow partitioning models.
However, it has already been suggested that when in-cloud nucleation processes
overwhelmingly dominate the removal of the significant mass of aerosols and aerosols are
well mixed and homogenized over the inland ice sheets, the elements with common origin
(e.g., crustal, marine) are expected to have similar scavenging ratios, and the chemistry of
ice layers should reasonably reflect the composition of the atmosphere at the time of
deposition (Junge, 1977). In other words, if crustal aerosols are taken as an example,
since they favor nucleation more than other kinds of aerosols (Kumai, 1976), the elements
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having a predominant crustal origin should show similar scavenging ratios. This
expectation was supported by an early work that in the existing clean air conditions in
central parts of the Antarctic ice sheet, the chemical composition of precipitation (Boutron
and Lorius, 1979) and aerosols (Maenhout et al., 1979) were reasonably interrelated
(Davidson et al., 1981) in contrast to what is observed in the sub-polar regions, in locales
such as Alaska (Rahn and McCaffrey, 1979).
The word "reasonably" is always necessary since there are inherent uncertainties
related to these processes. As an example, alteration of particle composition after initial
production by slow evaporation of volatile components or by the condensation of trace
gases onto the particles during transport or fallout can occur (Shaw, 1979). The degree of
these impacts depends upon the particle surface area and, thus, the particle size. At the
same time, the nucleation mechanism operates more efficiently on the larger particles due
to the lower Gibbs free energy, and thus higher thermodynamic stability of the solid-liquid-
vapor interface, and consequently preferential selection and removal of the larger aerosols
(Fletcher, 1958). A slightly different crustal aerosol size distribution in the snow and
ambient air might result in a difference in the scavenging ratios because of the mentioned
alterations.
Other factors that complicate the air/snow partitioning include variety of
nucleation modes and the rimming of supercooled cloud droplets onto the ice particles.
Cloud droplet and ice nucleation mechanisms are the two major nucleation processes
which are effective in clouds (Barrie, 1985). Cloud droplet nucleation occurs more readily
on soluble components such as sulfate and marine aerosols, and does not lead to aerosol
removal by itself whereas ice nucleation occurs more readily on insoluble crustal aerosols
and causes aerosol removal by precipitation. Additional mechanisms include freezing of
supercooled water by contact-freezing and immersion-freezing nuclei, direct formation
from the vapor on deposition nuclei, and freezing of condensing droplets by condensation-
freezing nuclei (Beard, 1992). Under certain conditions large snow crystals (> 200 jim
diameter) scavenge supercooled cloud droplets (2 to 50 ýjm in diameter) by inertial
impaction and interception as they fall past the small drops (Barrie, 1985). These cloud
111
droplets freeze upon contact with the snow crystals, a process called riming. Riming is
more likely to happen in warm clouds which permit a large number of cloud droplets to
form. Since the substances in cloud droplets are deposited onto the snow crystal surfaces,
concentration levels for rimed snow are higher than those of the unrimed snow crystals
(Davidson et al., 1987). Contributions from the riming process to the elemental
concentrations measured in deposited snows should be less in central parts of an ice sheet
(Hammer, 1985) due to the absence of adequate moisture for supercooled cloud water
droplets to coexist in the cold clouds of inland ice sheets.
3.4.2. Scavenging Ratios
Calculation of the elemental scavenging ratios was made using the following
dimensionless equation:
W =CsPa (3.5)
Ca
where Cs, Ca, and pa designate elemental concentration in snow [ng/g-ice], elemental
concentration in air [ng/m 3-air], and air density [g-air/m 3-air] (1440 at -28 Coand 1 atm),
respectively. Since ambient elemental concentration data representative of the annual
average at Byrd Station, Antarctica is not available, data from the South Pole Station was
used (Tuncel et al., 1989; Tuncel and Zoller, 1995). The distance between these locations
is about 1000 km and a uniform aerosol distribution over the central ice sheets, as
discussed in chapter 1, is the basis for the use of South Pole ambient air elemental
concentrations. The South Pole data covers the period between 1979 and 1983. Annual
concentrations were obtained by averaging the summer and winter concentration
measurements. The scavenging ratios calculated from these ambient air measurements and
the ice core measurements (this work) are given in Table 3.9 for some of the elements
with the best available measurement accuracy. However, uncertainty levels are still high;
the major contribution to the final uncertainties came from the ambient aerosol
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measurements, due to the low aerosol mass loadings in clean air conditions in central
Antarctica. Note that the aerosol samples were collected at surface level, and it is known
that the near-surface removal processes can deplete aerosol mass loadings in the turbulent
boundary layer (few hundred meters) (Shaw, 1979). This could create a systematic error
in the calculated scavenging ratios. However, the relative difference between the
scavenging efficiencies of various aerosol categories should not be affected significantly.
Table 3-10. Air-to-snow scavenging ratios for some elements.
1979 1980 1981 1982 1983
Al 25750±21800 42000±24800 47900±24300 72150±41000 37500±27250
Fe 20000±15150 33800±19850 22100±13350 42000±27750 44800±31000
La 6250±8050 12150-9450 17900±14200 7050±5050 13900±9700
Na 8250±6200 8400±3000 7200±7850 5200±3300 3350±3850
Zn 5400±3600 3350±2700 11600±7450 15300±14600 55250±52200
Sb 1950±2400 16000±12400 10750±12300 11700±17000 31300±26300
As 350±250 700±350 2350±1900 1450±900 2750±2400
As shown in Figure 3.26, the scavenging ratios for aluminum and iron (mainly
crustal origin elements) are the highest listed and in agreement within the data
uncertainties, confirming the more efficient removal of crustal aerosols as discussed in the
previous section. Although the earth's crust is the major source for the rare earth
elements (REE) in the ambient aerosol, the scavenging ratio of lanthanum was found to be
smaller (with high uncertainty) than that of other crustal origin elements. This seems to
result from experimental problems since a significant contribution of REE from other
sources, whose aerosols are not scavenged as efficiently, is unlikely in the Antarctic
atmosphere. The element sodium (mainly marine origin) has lower scavenging ratios,
which is thought to be related in part to its high solubility in cloud water as discussed in
the previous section. The more volatile elements arsenic and antimony have the lowest
scavenging ratios in general, even though uncertainties are too high to be sure. This might
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be due to their probable association with very small sized aerosols, which are not efficient
for nucleation removal.
In summary, the results showed that scavenging ratios can be used to reconstruct
the past ambient elemental concentrations in the atmosphere in an approximate way, and
in turn, these elemental concentrations can be used to find the number concentrations of
crustal, marine, and smaller size aerosols in the Antarctic atmosphere, assuming the
aerosol size spectrum has not changed considerably throughout this reconstruction period.
However, there are some drawbacks to this empirical approach. First of all the overall
uncertainty levels are far from satisfactory and should be reduced by more detailed and
longer duration aerosol sampling and analysis programs. Second, regional differences are
not treated in this approach, which could be quite important, especially for locations near
the ocean. Therefore, individual scavenging ratios should be obtained for regions within
Antarctica that have different geographic and atmospheric properties. Finally, the possible
seasonal differences on the scavenging ratios might be identified and treated for further
refining of this approach. The impact of seasonal differences was shown in Greenland
(Davidson and Honrath, 1987). It might also be important for the warmer sites of
Antarctica due to the riming process as mentioned in the previous section.
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3.5. Air Content Analysis
The results of the air content measurements in ice samples, including artificial ice
blanks, are given in Table 3.10. Here, samples and blanks were designated by the letters S
and B, respectively, and uncertainties were given as 1 values from the spectrum analysis.
As explained in section 2.3, artificially produced air-free ice samples were used to
determine the experimental uncertainty due to sample preparation and analysis steps.
Table 3-11. Air content measurement results for samples and blanks.
Sample ID Depth Interval [m] Weight [g] Air Content [ml/kg]
B1 3.4 4.6 ± 1.1
B2 3.4 3.5 ± 1.0
B3 2.3 3.7 ± 1.1
B4 2.6 2.5 + 1.1
B5 2.5 5.7 ± 1.1
B6 3.0 5.6 ± 1.0
S1 101.20 - 101.22 3.6 46 ± 1.3
S2 101.20 - 101.22 3.6 49 ± 1.4
S3 101.20 - 101.22 3.1 43 ± 1.2
S4 101.22 - 101.24 3.8 37 ± 1.1
S5 101.22 - 101.24 2.2 39 ± 1.3
S6 101.50 - 101.52 2.0 39 + 1.3
S7 101.52 - 101.54 2.1 48 ± 1.4
S8 101.54 - 101.56 1.6 37 ± 1.3
S9 101.56 - 101.58 3.6 50 + 1.4
Although the blank samples were assumed to be air-free, in reality some amount of
air would have been left dissolved in the water prior to freezing. However, since it is
difficult to know the exact amount of the remaining air in the blank samples, the amount of
air measured (average 4.3 ± 1.3 ml/kg) was assumed (conservatively) to be the result of
external contributions due to the experimental stages. Considering that the average air
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content in a Greenland ice core has been measured to be greater than 100 ± 5 ml/kg
between 100 and 1300 m depths (Herron, 1982b), the maximum uncertainty due to
experimental handling would be under five percent.
The air contents measured in real samples from the NBY-89 ice core showed good
agreement within each of the two same-depth layers. Samples from the first layer (S1, S2,
S3) and second layer (S4, S5) gave average air content values of 46 ± 3 ml/kg and 38 ± 1
ml/kg, respectively. The analytical uncertainties of these measurements are quite low due
to the very sharp and interference free Ar gamma-ray peaks observed for these samples.
Samples from the adjacent depth levels within an annual accumulation layer (S6,
S7, S8, S9) showed larger deviation (44 ± 7 ml/kg) compared to the samples from the
same-depth layers. This difference is probably the result of seasonal impact on the air
content. It has been shown that seasonal variations in air content can be as high as 25 %
in high accumulation areas, and this variation has been attributed to the sealing effect on
the summer layers by the denser winter layers (Martinerie et al., 1992). As a result,
summer layers have higher porosity than winter layers. In addition, wind and sunlight can
form thin, dense layers on the snow surface, which can also cause the isolation of the
previous layers within an annual accumulation layer. However, for deep ice cores with
annual layer thicknesses of a few centimeters, these seasonal variations become less
important.
It has been shown that the air composition in the bubbles of temperate glaciers can
change slightly if some melting occurs (Horibe et al., 1985). This type of melting can
happen especially in deep layers due to the high pressure applied by upper layers. These
authors observed a slight increase (around 1 %) in the N2/Ar ratio in the air extracted from
bubbles in deep ice samples from the Camp Century, Greenland, ice core. They suggested
that the higher solubility of argon in melted water and the subsequent push of this melted
water into the inter-granular layers between the ice (due to thawing of ice and bubble
pressure) could create this difference. Since the argon content of the ice samples was used
to find the air content of them in this work, this phenomenon could potentially have an
effect on the results. However, this difference of 1 % is negligible compared to the total
measurement uncertainties in this work. In addition, this method measures total argon
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content (dissolved and undissolved), and unless the melted water migrated distances more
than a few percent of the core diameter, this phenomenon would not effect the results.
In summary, this new method for direct air content measurement in ice samples
might play a useful role in future ice core research, and additional work to develop the
method further is justified.
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4. SUMMARY AND SUGGESTIONS FOR FUTURE WORK
4.1. Summary
The polar ice sheets contain a wide range of paleodata entrapped in stratigraphic
layers. They contain records of changing climatic conditions, deposits of atmospheric
constituents, and are sinks for atmospheric trace elements and other chemical species
which are transported by wind systems from various global sources.
In this study, snow strata that cover 278 years (1711 AD to 1989 AD) were
investigated to observe whether or not there is a significant difference in the Antarctic ice
sheet elemental concentrations due to anthropogenic impact. In addition, within this time-
period there have been significant natural events, such as volcanic emissions and variations
in global air-mass movements, which could affect the elemental composition of the
atmosphere, and which could be investigated using trace element patterns.
Even though there have been previous studies to determine the trace element
concentrations in polar ice sheets, most have involved the measurements of a relatively
small number of trace element over discontinuous time-intervals. They were also limited
by the specific earlier analytical techniques used, the physical quality of the firn or ice core
samples used, and an evident lack of a close interdisciplinary and multiparameter approach
to an integrated study program. Of great importance, most of the previous data available
prior to this investigation are not continuous over long time-periods. However, since
changes in chemical composition trends in the atmosphere are extremely slow, detecting
these changes requires long records. The results of this study will hopefully fill an existing
gap in our knowledge.
An auxiliary goal was to develop a new method for measuring the air content in
very small ice samples from deep ice cores as it would be useful to study the relationship
between both the flow patterns and air content changes of glacier ice with depth (as well
as for dating purposes).
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The Instrumental Neutron Activation Analysis (INAA) technique was used to
measure the elemental concentrations in ice core samples after preconcentrated them by
freeze-drying. INAA is a non-destructive, multi-element technique which is easy to apply
to solid samples.
A significant increase in marine elemental concentrations have been observed
within the time period between 1969 and 1989. This increase coincided with the
increasing occurrence of the so-called El Niflo Southern Oscillation (ENSO) events in the
Pacific Ocean. The subsequent analysis showed similar periodicities for the sea-salt
sodium concentrations observed in Antarctica and the sea-level pressure measurements
around Australia which indicates a possible connection between these events.
Similarly, a significant upward trend was observed for crustal aerosol
concentrations after 1980. The observed ENSO related droughts in the southern
hemisphere are suspected to cause this trend in recent years. At the same time, the annual
average ozone concentrations homogenized between the 600 S and 90' S latitudes shows a
strong negative correlation to the measured aluminum (a crustal aerosol marker)
concentrations between 1979 and 1989. Recent findings about the importance of
heterogeneous chemical processes and the formation of polar stratospheric clouds (PSC),
on the Antarctic ozone hole gives some incentive for further study, knowing that crustal
aerosols are efficient for cloud nucleation and ice-phase initiation processes. However,
this short time period prevents drawing a strong conclusion from this correlation.
The impact of volcanic emissions on the total atmospheric aerosol budget has long
been recognized and became evident after the recent volcanic eruptions of El Chich6n
(Mexico, 1982) and Mount Pinatubo (Philippines, 1991). In this work antimony and
arsenic were identified as useful marker elements for volcanic emission signals in
Antarctica. Although these elements are already known to be enriched within volcanic
emission plumes, the establishment of the coincidence of their enrichments with the known
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or suspected volcanic events was essential for their use as marker elements in ice core
research.
The most interesting volcanic episode was observed in 1940, and this event is both
the strongest and longest in duration (1937-44) in the continuous annual sampling period
(1926-1989) of this work. In addition to As and Sb, Cr, Br, Na, and Cl were also
significantly enriched during this period. One strong candidate for this VME's signal is
the 1937-43 eruptions of the Rabaul Volcano in Papua New Guinea. The lack of a high
sulfate signal during those years showed that the volcanic marker elements approach can
be very useful for the identification of historical eruptions from volcanoes with low sulfur
emissions as this one was.
Comparison of the pre-industrial and modem era elemental concentration
measurements indicated some increase for the excess concentrations (i.e. crustal and
marine contributions subtracted) of the elements As, Zn, and Cr in recent years. Since
these elements are known to be enriched in the emissions both from volcanic and
anthropogenic sources, the role of anthropogenic emissions in these trends is not obvious.
However, decreasing antimony concentrations observed after the 1950's is thought to
indicate decreasing impact from volcanic emissions because this element has been well
identified as a volcanic marker element in Antarctica. Therefore, it appears that the
observed increase of As, Zn, and Cr in recent years is partly of anthropogenic origin.
Principal Component Factor Analysis (PCFA), a multivariate statistical analysis
technique, was applied to identify possible correlations among the measured elemental
concentrations.
The results indicated three aerosol source categories for the measured elemental
concentrations in Antarctica. These are crustal, marine, and volcanic sources as identified
by their marker elements. In addition, one factor indicated a possible transition metal
catalyzed release mechanism for gaseous bromine in the Antarctic atmosphere. This may
be the cause of surface level ozone destruction as observed in Greenland.
The accurate determination of the ambient aerosol concentrations is quite
important because of their role in the radiation balance of the Earth/Atmosphere system
To understand the relationship between the elemental concentrations measured in snow
deposits and the ambient atmospheric aerosol concentrations, a simple empirical parameter
(scavenging ratio) was utilized. The results, in spite of the high uncertainties, indicated
generally more efficient scavenging for crustal aerosols followed by marine aerosols and
volatile elements.
Air content measurements of several samples from the NBY-89 ice core by INAA
technique showed good agreement within each of two same-depth layers. Samples from
the adjacent depth levels within an annual accumulation layer showed larger deviation
possibly because of seasonal impacts on the air content. This new method seems
promising for the air content measurements in very small samples from deep ice cores as
the thin annual accumulation layers in those cores make the availability of large samples
required for conventional measurements almost impossible. The availability of this
method can ease the dating of deep ice cores, a task necessary for the understanding of the
past environmental history.
4.2. Suggestions for Future Work
The following considerations during the sampling, preparation, and analysis stages
are thought to be useful to reduce the uncertainties in trace elements measurements:
Cutting a sample from a depth interval that exactly coincides with a specific year,
assuming that the ice core is dated precisely prior to the sampling. This will eliminate
the extra uncertainty involved during the calculation of annual concentrations as
mentioned in section 3.2.
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* Separating a longitudinal thin slice from each annual sample for use in direct chlorine
measurements (by melting and using an aliquot of it) assures the correct representation
of a full year.
* Obtaining samples for cross-profiling that are large enough to eliminate the need for a
secondary cutting step as mentioned in section 3.1 will reduce the risk of
contamination.
* A special material for sample containers with minimal trace elements content, such as
Teflon TM , will reduce the uncertainties due to the blank correction step as mentioned in
section 3.1.
The following subjects are suggested for future research using polar ice core trace
elements analysis:
* Continuous seasonal measurements of total sodium and chlorine for the last three
centuries to understand the possible ENSO connection in more detail. In addition,
utilizing more sophisticated time-series analysis techniques for examining this data set.
* Analysis of more annual accumulation samples from the depth intervals that contain
well identified large and moderate scale volcanic eruption horizons to further justify
the use of volcanic marker elements approach for historical volcanic eruption
identification.
* Collecting aerosols with longer durations to reduce the uncertainties in ambient
elemental concentrations so that uncertainties in scavenging ratio calculations can be
reduced.
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Improvement of the developed INAA air-content analysis method by finding additional
methods for keeping the ice samples cooled during the irradiation and gamma-ray
spectroscopy.
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Table A-2. Statistical summary information for the data in Table A. 1.
Variable: Na Na (*) Mg Al
Sample size 97 97 72 97
Average 52.96 48.35 5.88 15.70
Median 34.97 36.10 4.83 11.03
Mode 34.84 35.12 4.56 10.70
Geometric mean 40.15 38.38 4.56 11.43
Variance 1762.83 1319.56 16.58 240.93
Standard deviation 41.99 36.33 4.07 15.52
Standard error 4.26 3.69 0.48 1.58
Minimum 7.78 6.95 0.26 2.26
Maximum 177.71 217.47 21.89 94.68
Range 169.92 210.52 21.63 92.42
Lower quartile 23.70 23.78 3.15 7.21
Upper quartile 74.11 61.70 8.11 16.26
Interquartile range 50.41 37.92 4.96 9.06
Skewness 1.39 1.87 1.58 2.84
Standardized skewness 5.57 7.52 5.49 11.42
Kurtosis 1.20 4.58 3.78 9.63
Standardized kurtosis 2.41 9.21 6.54 19.37
Coeff. of variation 79.28 75.13 69.29 98.88
Sum 5137 4690 423 1523
Variable: Cl (*) K Sc Ti
Sample size 97 73 90 73
Average 87.89 6.20 0.0009 2.62
Median 68.25 3.67 0.0007 2.21
Mode 68.20 3.64 0.0007 2.15
Geometric mean 75.23 3.92 0.0005 1.80
Variance 2952.25 32.51 0.000001 5.05
Standard deviation 54.33 5.70 0.0011 2.25
Standard error 5.52 0.67 0.0001 0.26
Minimum 21.89 0.05 0.000005 0.12
Maximum 301.06 29.04 0.0072 11.52
Range 279.17 28.99 0.0072 11.40
Lower quartile 50.31 2.21 0.0002 0.97
Upper quartile 105.01 10.19 0.0011 3.28
Interquartile range 54.70 7.98 0.0008 2.31
Skewness 1.59 1.56 3.59 1.77
Standardized skewness 6.39 5.45 13.91 6.18
Kurtosis 2.45 2.70 15.87 3.86
Standardized kurtosis 4.92 4.71 30.74 6.74
Coeff. of variation 61.82 92.02 126.64 85.63
Sum 8525 452 0.08 192
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Table A-2. (cont.)
Variable: V Cr Mn Fe
Sample size 89 97 97 95.00
Average 0.03 0.91 0.22 11.44
Median 0.02 0.64 0.13 8.30
Mode 0.02 0.59 0.13 8.16
Geometric mean 0.02 0.65 0.14 8.54
Variance 0.0003 0.65 0.13 210.56
Standard deviation 0.02 0.81 0.36 14.51
Standard error 0.002 0.08 0.04 1.49
Minimum 0.004 0.08 0.03 1.74
Maximum 0.09 4.11 2.63 122.92
Range 0.09 4.03 2.59 121.18
Lower quartile 0.01 0.35 0.08 5.78
Upper quartile 0.04 1.23 0.23 11.92
Interquartile range 0.02 0.88 0.15 6.15
Skewness 1.33 1.81 5.20 5.73
Standardized skewness 5.12 7.27 20.89 22.80
Kurtosis 2.76 3.40 30.19 39.62
Standardized kurtosis 5.32 6.84 60.70 78.82
Coeff. of variation 59.55 88.70 161.23 126.82
Sum 2.4 88 21.4 1087
Variable: Co Zn As Br
Sample size 56 97 97 95
Average 0.0055 2.07 0.011 0.21
Median 0.0025 1.57 0.008 0.16
Mode 0.0023 1.56 0.008 0.16
Geometric mean 0.0027 1.55 0.008 0.13
Variance 0.0001 4.12 0.0002 0.04
Standard deviation 0.0097 2.03 0.014 0.20
Standard error 0.0013 0.21 0.001 0.02
Minimum 0.0002 0.34 0.001 0.003
Maximum 0.0569 12.87 0.122 1.06
Range 0.0567 12.53 0.121 1.06
Lower quartile 0.0013 0.89 0.005 0.06
Upper quartile 0.0061 2.27 0.012 0.30
Interquartile range 0.0048 1.38 0.007 0.24
Skewness 4.24 3.26 5.40 1.85
Standardized skewness 12.96 13.11 21.70 7.35
Kurtosis 19.51 12.90 38.44 4.30
Standardized kurtosis 29.81 25.93 77.28 8.55
Coeff. of variation 174.64 97.97 127.03 95.70
Sum 0.31 201 1 20
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Table A-2. (cont.)
Variable: Mo Cd Sb La
Sample size 66 45 95 89
Average 0.012 0.012 0.14 0.011
Median 0.008 0.006 0.07 0.002
Mode 0.007 0.006 0.07 0.002
Geometric mean 0.007 0.006 0.07 0.003
Variance 0.0002 0.0004 0.04 0.003
Standard deviation 0.016 0.019 0.20 0.058
Standard error 0.002 0.003 0.02 0.006
Minimum 0.0004 0.0005 0.003 0.00003
Maximum 0.095 0.121 1.56 0.553
Range 0.095 0.120 1.56 0.553
Lower quartile 0.003 0.003 0.03 0.001
Upper quartile 0.015 0.013 0.16 0.004
Interquartile range 0.012 0.010 0.13 0.003
Skewness 3.21 4.78 4.41 9.31
Standardized skewness 10.66 13.08 17.56 35.86
Kurtosis 13.37 27.12 26.84 87.43
Standardized kurtosis 22.17 37.14 53.39 168.37
Coeff. of variation 127.29 161.56 147.37 553.18
Sum 0.80 0.52 13 0.94
Variable: Ce Sm
Sample size 48 84
Average 0.03 0.0015
Median 0.01 0.0005
Mode 0.01 0.0005
Geometric mean 0.01 0.0005
Variance 0.02 0.0001
Standard deviation 0.15 0.0084
Standard error 0.02 0.0009
Minimum 0.000005 0.00002
Maximum 1.08 0.0775
Range 1.08 0.0775
Lower quartile 0.003 0.0004
Upper quartile 0.02 0.0006
Interquartile range 0.01 0.0003
Skewness 6.88 9.11
Standardized skewness 19.46 34.10
Kurtosis 47.55 83.35
Standardized kurtosis 67.24 155.94
Coeff. of variation 470.13 542.81
Sum 1.6 0.13
(*) indicates direct measurements on 1-2 ml liquid samples.
Table A-3. Depth-age relationship for NBY-89 ice core (Osada, 1994).
Depth Interval Date of Deposition
[m] [A.D.]
Depth Interval Date of Deposition
[m] [A.D.]
0.00-1.00
1.00-1.64
1.64-2.00
2.00-2.45
2.45-2.68
2.68-3.30
3.30-3.52
3.52-3.97
3.97-4.18
4.18-4.54
4.54-4.74
4.74-5.00
5.00-5.17
5.17-5.46
5.46-5.80
5.80-6.00
6.00-6.20
6.20-6.48
6.48-6.59
6.59-6.79
6.79-7.19
7.19-7.42
7.42-7.60
7.60-7.87
7.87-8.00
8.00-8.19
8.19-8.37
8.37-8.52
8.52-8.61
8.61-8.77
8.77-9.05
9.05-9.25
9.25-9.35
9.35-9.60
9.60-9.80
9.80-10.10
10.10-10.19
10.19-10.40
10.40-10.59
10.59-10.87
1989
1988
1987
1986
1985
1984
1983
1982
1981
1980
1979
1978
1977
1976
1975
1974
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